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Summary
Cerebral Palsy (CP) refers to a motor disorder that affects approximately one in every 400 live 
births in the UK. Living with CP can be challenging for both patients and their families. There are a range 
of established approaches used by physiotherapists to improve motor capacity in children with CP. Staffing 
and space allocation, however, can limit the number of rehabilitation sessions that can be offered. Treadmill 
training has been suggested as one approach to address some of these limitations. Walking using a treadmill 
can maintain or improve movement function, yet questions remain over the effectiveness of the programme 
and how to maintain motivation on the part of the child.
The inclusion of a virtual reality (VR) environment into training is a possible approach to engage 
children who might otherwise lack the motivation needed to undertake rehabilitation. VR based lower 
extremity rehabilitation to improve standing (balance) and walking (gait) skills has been shown to be 
relevant for patients post stroke. VR has also been noted to help children with CP increase their self- 
confidence and motivation, resulting in improvements of upper extremity function. The potential for VR 
based lower extremity rehabilitation for CP has also been reported. It has been suggested, however, that 
most VR systems are not designed with rehabilitation in mind. Some have been designed specifically for 
use in rehabilitation, but these can be expensive which has limited their use. Consequently, VR based 
rehabilitation, particularly for gait assist, has not been reported or investigated in detail.
The overall aim of the present work was to develop, design, and investigate the practicality of a 
virtual rehabilitation system (the Surrey Virtual Reality System - SVRS) suitable for routine clinical use in 
gait re-education for children with CP. For this work, the practicality evaluation was directed at: satisfaction 
(how enjoyable is it to use the SVRS); comfort (how easy is it for users to complete tasks, once they have 
learned the system); safety (how safe is it to use the equipment and what are side effects of using the 
system); and to some extent utility (to what extent the selected scenarios will benefit the rehabilitation of 
children with CP effectively). Therefore, pilot game scenarios were developed for training in balance and 
treadmill based walking. A Real-time Treadmill Speed Control Algorithm was developed as part of the 
SVRS, which may provide a more immersed and realistic treadmill training.
The performance and the 3D presentation quality of the SVRS were first evaluated in 13 young 
able-bodied using questionnaires. The overall results were positive and showed that the SVRS provided safe 
and visually acceptable virtual training environments. The statistical results suggest that self selected ‘slow’ 
and ‘normal’ speeds were significantly higher when using the RTSCA. This may suggest that they walked 
more naturally or confidently on the treadmill when using the RTSCA as compared to the use of 
conventional treadmill speed control buttons.
To investigate the ‘practicality’ of the SVRS in a clinical situation; three clinicians and two 
children with CP used it, the latter observed by their parent/guardian and a treating physiotherapist. 
Feedback was collected using both questionnaires and an open-discussion. The overall results show that the 
SVRS appears practical for rehabilitation purposes and the children with CP and the other able-bodied 
participants used the RTSCA safely. Further modification is required in the future research that should 
focus on formally examining the clinical effectiveness of the SVRS in children with CP. For example, 
providing a mechanism for clinicians to alter the virtual environment should be considered in order to meet 
the specific rehabilitation aims for patients.
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Chapter 1 
1 Introduction
1.1 Background
Cerebral Palsy (CP) refers to a set of disorders primarily affecting the progress of movement 
and posture, resulting in a limitation of activity. CP is caused by damage occurring before 
the brain is fully mature [Bax et a l, 2005, Gage, 1991]. Approximately one in every 400 
children bom in the United Kingdom (UK) has the condition, which equates to 
approximately 1800 babies a year being diagnosed in the UK [Parkes et a l, 2001].
Children with CP are often limited in their daily activities. Limitations include impaired 
mobility patterns, reduced intellectual and cognitive function, and communication 
difficulties. The majority of children who have CP are able to recover partial or full mobility 
if the management of CP starts as soon as they are diagnosed with the condition.
Management of CP focuses on using suitable combinations of interventions that often
include one or more of the following:
• Orthopaedic surgery (e.g. to correct for soft-tissue tightness and skeletal deformities)
• Occupational therapy (e.g. communication, and dressing)
• Orthotics (e.g. ankle foot orthoses to limit development of joint contractures)
• Physiotherapy (e.g. reduce spasticity, and improve muscle strength)
• Botulinum toxin injections (e.g. to help manage spasticity)
A core element is physical exercise management. In view of this, the key element of the 
work is physical management, and particularly gait rehabilitation of children with CP.
Physical rehabilitation is a set of processes typically involving several professional 
disciplines to improve the quality of life for people who have long term conditions such as 
stroke, and traumatic brain injury [Young and Forster, 2007]. It focuses on reducing 
impairments and returning patients to independence as soon as possible [Pedersen and Saltin, 
2006]. Gait re-education or rehabilitation is one element of physical rehabilitation carried out 
under the guidance of therapists and considered to be an effective technique to improve 
ambulation for people with long-term conditions such as CP [Pohl et a l, 2007]. Its positive 
results are often obtained by high intensity and repetition of gait training [Pohl et a l,  2007].
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Gait rehabilitation for children with CP has been carried out with a variety of approaches, 
such as the Bobath programme and other conventional programmes.
Staffing and space allocation in clinical centres can limit the number of gait rehabilitation 
sessions that are provided. In addition, some patients find it difficult to maintain an 
appropriate level of motivation when sessions are undertaken in unrealistic environments or 
conditions. Research into gait rehabilitation suggests that new tools and technologies, such as 
treadmill or virtual reality (VR), can address some of the limitations and challenges in gait 
rehabilitation.
Treadmill training has been introduced by researchers as a likely gait rehabilitation approach 
that could encourage and permit patients to replicate training tasks. Treadmill training is now 
being considered to enhance the walking function of children with CP. Previous studies 
[Chemg et a l, 2007, Dodd and Foley, 2007, Lancioni et a l, 2009, O'Sullivan et a l,  2008, 
Provost et a l, 2007] investigated an intervention based on the use of treadmill training with 
children with CP. These showed improvements in one or more gait parameters and function 
such as increased step length, walking speed, and muscle strength. The literature also showed 
that the exercises could improve gait parameters, increase muscle strength, or facilitate 
greater daily activity. Although the research and practical potential of rehabilitation based on 
treadmill training for children with CP have been recognised, motivation on the part of the 
child remains an issue [Lancioni et a l, 2009]. Motivation is an important element to assist 
children with CP to obtain optimal results from their gait rehabilitation. One approach to 
addressing this issue may be the inclusion of a VR environment such that training can 
become, for example, a structured ‘game’ that the child can become immersed in.
VR is defined as an approach that allows users or physical objects to interact with a 
computer simulated three-dimensional (3D) environment [Burdea and Coiffet, 2003]. The 
technology has been used in many medical applications, including rehabilitation. VR based 
rehabilitation could be defined as a series of “serious” games including targets and levels, 
which are generated through a VR system to achieve the goals of rehabilitation or aid the 
rehabilitation process. The cardinal aim of the use of the VR in rehabilitation is to allow 
users to engage with not only the VR but also with virtual objects that provide enjoyment 
and a clinically appropriate medium for the achievement of the requirements of effective 
rehabilitation sessions. Literature shows that the VR based gait rehabilitation for post-stroke 
patients can be more effective than conventional, over-ground, and treadmill based 
rehabilitation [Fung et a l, 2006, Moseley et a l, 2005, Peppen et a l, 2004]. It has also been
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demonstrated that VR can transfer rehabilitation sessions to a safe environment, which 
allows users to engage with higher attention during their rehabilitation sessions [Rizzo et a l,
2004].
For children with CP, there is evidence in the literature to show that VR based Upper 
Extremity (UE) rehabilitation increases self-confidence and motivation [Harris and Reid,
2005]. The motivation provided by VR has been examined by Harris and Reid [2005], in 
which children between eight and twelve years old watched themselves being projected into 
a virtual world using a video camera and Mandula R Gesture Xtrem VR system (developed 
by Vivid Group Inc) while they performed UE exercises. The Pediatric Volitional 
Questionnaire (PVQ) was used to measure if participants were engaged during exercise 
sessions when using VR environments. This study showed that the motivation level 
increased due to the use of VR. With respect to the methodology of this study, the results 
indicated that VR could be a motivating media for children with CP, and a similar conclusion 
has also been reported by Yalon-Chamovitz and Weiss [2008] and Parsons et a l [2009].
There is thus far relatively little evidence [Parsons et a l, 2009] for the effectiveness of VR 
for Lower Extremity (LE) rehabilitation in CP, however, studies have shown that VR can 
also help children with CP to improve their gait rehabilitation sessions. For example, Kott et 
al [2009] reported the feasibility of VR for children with CP during treadmill training. It has 
shown that children engaged with treadmill training while watching games without being 
immersed them.
Even though the literature has indicated that VR based rehabilitation for children with CP 
may lead to positive effects in real life activities [Parsons et a l, 2009], the review by Snider 
et a l [2010] has shown that taken as a whole the current evidence for VR based 
rehabilitation of children with CP is poor. Most of these studies investigated the 
effectiveness of VR with relatively small sample size. Furthermore, the majority of these 
studies had used VR systems that had not been designed with rehabilitation in mind. Some 
VR systems however, have been designed particularly for use in physiotherapy programmes. 
These are often expensive limiting widespread use in the clinical environment and therefore 
not investigated thoroughly [Snider et a l, 2010]. This was also noticed in a recent review 
into VR systems used within paediatric motor rehabilitation [Galvin and Levac, 2011].
Given the discussion above, it suggests that the research focusing on the development 
process of a VR based rehabilitation system is required. As a part of this, there is a need to
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consider a (new) framework for the development of VR based rehabilitation systems that are 
suitable for routine clinical use. As part of this framework the practicality of a VR system 
should be examined throughout its development stages. In this thesis, the term ‘practicality’ 
refers to satisfaction, safety, comfortability, and compatibility to rehabilitation type. Once 
the preliminary development of a VR based rehabilitation system has been achieved, there is 
a need to explore its clinical effectiveness following guidelines that are to some extent 
described in the literature.
1.2 Research Scope, and Hypothesis
The initial focus of the work described in the thesis was the development of a general 
framework for developing a VR system suitable for LE rehabilitation in children with CP. 
Following the framework, the overall aims of the work were twofold; the first was to design 
a VR based gait rehabilitation system that can be used in a clinical environment and not 
limited to laboratory research. The second was to investigate the practicality of the 
developed VR system by recruiting clinicians and its end-user, rather than its clinical 
effectiveness. The specific objectives of this research were to:
• Outline current physical exercises management of CP and the need for enhancement
• Undertake a literature review of VR based rehabilitation to underpin further 
engineering developments
• Provide a strategy for the design of new VR based LE rehabilitation programme(s) 
for children with CP
• Develop a VR system based rehabilitation that can be considered suitable for the 
routine clinical use
• In conjunction with therapists, develop scenarios suitable for use in LE rehabilitation 
with one or more sub-groups of children with CP
• Investigate the practicality of the VR system through the use of adopted 
questionnaires, structured interviews, and observation
• Explore parents’ and physiotherapists’ perceptions of the developed VR system for 
LE rehabilitation for Children with CP
The hypothesis was that the practicality of the Surrey Virtual Reality System (SVRS) will be 
demonstrated in children with CP and able-bodied volunteers.
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1.3 Thesis Organisation
This thesis is organised in ten chapters. After this brief background and introduction to the 
work, chapter two provides a description of CP gait, normal gait, and the management of CP. 
A review of physical rehabilitation that is considered a key element of management of 
children with CP is also provided in chapter two. The discussion of chapter two directed the 
option of VR technology for the use in the physical exercise management of CP.
Chapter three discusses the term ‘Virtual Reality’ and presents the advantages and 
disadvantages of VR. It also presents VR applications in rehabilitations such as cognitive 
rehabilitation, UE rehabilitation, and LE rehabilitation. The chapter provides a literature 
review with the intent of setting the context of VR based LE rehabilitation for children with 
CP. The potential benefits of adding VR technology to rehabilitation programmes, as well as 
weaknesses in current research investigating effectiveness of VR based rehabilitation are 
presented. This leads to an outline of the issues which should be addressed when developing 
a VR system.
Chapter four illustrates the importance of considering the human performance factors and the 
health and safety issues that should be considered during the design of a VR system. The 
discussion of these issues leads to a presentation of the main elements that should be 
considered when developing a VR system. This directed the outline of the development 
framework by enabling the author to discuss the development process of the SVRS in 
chapter five.
Chapter five subsequently presents the design and the development stages of the SVRS. The 
philosophy for selecting the hardware and software of the SVRS are shown in this chapter. 
Development algorithms and the design of initial VR scenarios are also documented in this 
chapter with the aim to make the first evaluation into the SVRS practicality feasible as 
presented in chapter six.
Chapter six reports the performance evaluation of the SVRS thorough analysing the 
perspectives of young healthy adults into the use of the SVRS. The method used for the 
evaluation, the results, and discussions of those results are presented in this chapter.
The presented results in chapter six were taken into account during the design of a number of 
VR scenarios for the LE rehabilitation for children with CP, which are discussed in chapter 
seven. The method of evaluating the practicality of the SVRS in the clinical environment is
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also demonstrated in this chapter, while the results and discussion are documented in chapter 
eight.
In chapter nine the closing discussion and the overall conclusions drawn from this work are 
given.
Chapter ten summarises the main limitations of the present work. Furthermore, it outlines the 
overall recommendations for further work that should be undertaken to determine if the 
SVRS can be considered to be an effective rehabilitation tool for children with CP.
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Chapter 2 
2 Cerebral Palsy
2.1 Overview of Chapter 2
As documented in chapter one this work focuses on designing, and evaluating the 
practicality of a new virtual rehabilitation system for children with CP prior to a clinical 
investigation into its effectiveness. With this in mind, the overall intent of this chapter is 
to review the most current rehabilitation methods used in order to improve walking in 
children with CP. Thus, a brief description of the CP condition, normal gait, and CP gait 
and its management are provided in this chapter.
2.2 Cerebral Palsy Condition
CP is described as a neurodevelopmental disorder that has occurred in the developing 
fetal or infant brain which limits the development of movement and posture [Gage, 1991, 
Griffiths and Clegg, 1988]; these are usually accompanied with musculosketal disorders 
[Griffiths and Clegg, 1988] which affect children with CP to have different motor 
dysfunctions, aetiology, and functional abilities. Therefore, for the purpose of improving 
communication between clinicians about the characteristics of a patient and other people 
such as researchers, and/or parents [Bax et a l, 2005], CP is often classified into three 
main categories based on the physiology of motor dysfunctions [Gage, 1991]. These are:
• Spastic CP that refers to the presence of an increased stretch reflex when passively 
flexing and extending muscle groups. It is the most common type of CP and 
occurs in about 80% of children with CP. Gage [1991] and Shumway-Cook and 
Woollacott [1995] have classified Spastic CP based on the number of limbs 
involved as follows:
o Spastic Hemiplegia refers to one side involvement, usually the arm is more 
affected than the leg 
o Spastic Quadriplegia in which four limbs are affected similarly 
o Spastic Diplegia in cases where legs are more affected than arms 
o Spastic Double Hemiplegia in which arms affected more than legs
• Dyskinetic CP is dominated by both abnormal motor movements and involuntary, 
uncontrolled, frequent, stereotyped movements. It may be either reduced muscle
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activity and often caused increase in muscle tone, or increased muscle activity 
with involuntary and it is called chreo-athetotic. If the first occurs, it is called 
dystonie. Dyskinetic CP affects approximately 10 -20% of children with CP 
• Ataxic CP refers to a disturbance in motor gross skills specifically coordination, 
walking, and balance, which therefore resulting unsteady and shaking movements. 
Many children with CP may have characteristics of more than one of the CP types. A 
number of methods have thus been developed to assist the classification of children with 
CP in addition to the classification described above. The Gross Motor Function 
Classification System (GMFCS)^ for CP was developed with the aim to assist in 
classifying the level of functional mobility or activity limitations in children and even 
youth with CP [Bax et a l, 2005, Stanger and Oresic, 2003]. Mobility disorders in children 
with CP include loss of selective motor control and inefficiency of gait, deterioration of 
motor balance and coordination, and reduced muscle strength, which are influenced by 
movement and posture.
Spasticity is also considered as the main motor disorder children with CP could have 
[Griffiths and Clegg, 1988]. The essential characteristic of CP is not only spasticity but 
also children’s mobility such that the children could have difficulties in controlling 
movements and posture. Thus, mobility is indispensable to improving the overall health 
of children with CP such that the risk of chronic pain in children is reduced and they 
could be likely to become independent [Schwartz et a l, 1999]. Dependent children are 
more at the risk of depression due to feelings of despair, weakness, and the fact that they 
may not have control over their own life choices [Barber, 2008, Graham and Selber, 
2003, Griffiths and Clegg, 1988, Schwartz et a l, 1999]. To optimise mobility and motor 
capacity, clinicians should understand the gait characteristics of children with CP.
2.3 Introduction to Human Gait
Walking (gait) is typically described a natural method that occurs as result of some 
systems acting together to enable human to move the body in a safe and efficient way. 
Whittle [2002] defines gait as “a method o f  locomotion involving the use o f  the two legs, 
alternately, to provide both support and propulsion, at least one foot being in contact
 ^See Appendix A for the explanation of GMFCS
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with ground at all times The aim of this section is to present the normal and CP gait 
cycle.
2.3.1 Normal Gait Cycle
The gait cycle is often defined as the time between two contacts of the same foot with the 
ground. The gait cycle is divided into two phases, which are stance phase that starts when 
the foot strikes the ground, and swing phase that begins when the foot leaves the ground. 
Movements are often described in the three primary planes as shown in Figure 2.1. These 
are the sagittal, frontal (coronal), and transverse planes.
Frontal Plane
Transverse plane
Sagittal plane
Figure 2.1: The reference planes o f the human body in the standard anatomical position [Vaughan
etal ,  1999].
In normal gait, typically 60% of the gait cycle is spent during the stance phase and 40% 
during the swing phase. During the gait cycle, 20% of its typical total time is spent in 
double support, which means both feet are in contact with the ground. As shown in Figure
2.2 the stance and swing phases can be further divided into a number of sub-phases 
[Perry, 1992, Vaughan et a l, 1999, Whittle, 2002].
• Initial Contact
The first double support period starts at initial contact (or heel strike) that is also known 
as the beginning of the loading response. During this event, the knee is extended and the 
ankle is in neutral position in dorsiflexion/planterflexion.
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•  Loading Response
Loading response typically occupies the period from 2 -  10% of the gait cycle; it is the 
double support period between initial contact and opposite toe-off During this sub-phase, 
body weight is transferred onto the stance limb. In addition, the knee flexes while the 
ankle plantarflexes.
• Mid Stance
Mid stance begins once the contralateral (swing) leg passes the stance leg until the body 
weight is aligned over the forefoot. It typically occupies the period from 10 -  30% of the 
gait cycle. During this period, the knee flexes and starts to extend while the ankle is in 
neutral position again.
• Terminal Stance
Terminal stance begins with the heel rise and ends when the contralateral foot contacts 
the ground. During this period, body weight progresses beyond the forefoot, the hip is 
mostly extended and internally rotated, the ankle is dorsiflexed. This sub-phase typically 
occupies the period from 30 -  50 % of the gait cycle.
• Pre-Swing
Pre-swing begins when contralateral foot contacts the ground and ends with ipsilateral 
toe-off. It marks the end of the stance phase period and the beginning of swing phase. 
This usually occupies the period from 50-60% of the gait cycle. During this sub-phase, 
the body weight is transferred to the contralateral limb.
• Initial Swing
Initial swing begins at toe-off and continues until maximum knee flexion, and typically 
occupies the period from 60 -  73% of gait cycle. During this period, the hip is in flexion 
and external rotation, and knee is in flexion.
• Mid Swing
The period of mid swing starts from the end of the initial swing until the swing leg and 
stance leg are adjacent, i.e. it ends when the swing leg is opposite the stance leg. Mid 
swing typically occupies the period from 73-87% of the gait cycle; during this period, the 
hip and the knee are flexed.
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•  Terminal Swing
Terminal swing begins at the end of mid swing (leg adjacent) and ends when the foot 
contacts the ground. It completes limb advancement and marks the end of the gait cycle. 
Terminal swing normally occupies the period from 87-100% of the gait cycle. During this 
period, the knee is fully extended, the hip is flexed, the foot in neutral position, and the 
ankle is dorsiflexed.
Stance phase Swing phase
|-  First double -[-Single limb stance -J-Second double - \  
support support
Initial Loading Mid Terminal Preswing Initial Midswing Terminal 
contact response stance stance swing swing
Figure 2.2: The normal gait cycle [Vaughan et al, 1999].
There are a number of parameters that are used to analyse the gait pattern; one of them is 
step length, which is the distance from one-foot contact to the foot contact of the other 
foot. The distance covered from one heel strike to the next for the same foot is called 
stride length. The number of steps per unit of time is called cadence. A further important 
parameter is velocity, which is described as the average horizontal speed of the body 
measured over one or more strides. Whittle [2002] and Perry [1992] describe these 
parameters and function of gait pattern in detail.
2.3.2 Abnormal Gait
Abnormal gait can be defined as unusual and uncontrolled difficulty with walking. The 
primary causes fall into four functional categories, which are deformity, muscle 
weakness, impaired control and pain [Perry, 1992]. Gage [1991] has stated five major 
features that occur in normal gait which are often lost in abnonnal gait. These are stability 
in stance, sufficient foot clearance during swing, appropriate swing phase pre-positioning 
of the foot, adequate step length, and energy conservation.
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2.3.3 Cerebral Palsy Gait
Children with CP often have difficulty in walking that usually depends on the CP type 
that a patient has. The abnormal walking in children with CP is a result of damage to the 
central nervous system which could cause the following [Gage, 1991]:
• Loss of selective muscle control.
• Dependence on primitive reflex patterns for ambulation.
• Abnormal muscle tone.
• Relative imbalance between muscle agonists and antagonists across joints.
• Deficient equilibrium reaction.
The list above is often responsible for changes in the normal gait. The summary of the 
main features common in CP gait is outlined below according to Gage [1991], Shumway- 
Cook and Woolacott [1995], and Griffiths and Clegg [1988] :
• Speed of walking is slower than normal
• Foot-floor clearance is greater than normal
• Drop foot gait where toe contacts ground before heel
• Hip and knee remain flexed throughout stance
• Failure to dorsiflex ankle during stance resulting in knee hyperextension
• Muscle contractures produce excessive rotation at some joints loading to skeletal
deformities that contribute to movement disorder
2.4 Management of Cerebral Palsy
Children who have been diagnosed with a CP can have motor disorders accompanied by 
other issues such as cognitive problems, communication and behaviour issues, and 
disturbance of sensations [Rosenbaum et a l, 2007]. As the limited motor capacity is the 
core features of the CP condition, it is important to assist children with CP to gain motor 
functions. Children with CP should be encouraged to manage conditions with the aim to 
learn motor activities, because there is no specific cure for CP. This can be achieved when 
children with CP are involved in a set of processes associated with exercise and/or 
medical procedures leading to improving motor capacity. With appropriate early therapy,
1 2
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children with CP can develop new skills and improve their motor function and muscle 
strength [Rosenbloom, 1995]. The management of CP is often delivered based on 
multidisciplinary approaches that can be divided into physical exercise management, and 
medication and surgical management.
2.4.1 Medication and Surgical Management
There are several procedures that have been used to improve muscles strength. This 
includes medication and surgical procedures that are often used to treat and/or correct 
associated conditions in children with CP. Rather than analysing all the medical and 
surgical procedures in this section, it has been decided to describe briefly the most 
common of them that are used for children with CP. Two of the most common 
medications that have been successfully used for children with CP are Botulinum toxin A 
and Interathecal Baclofen [Dodd et a l, 2010, Petersen and Palmer, 2001].
Botulinum toxin A is a biological agent that can be injected into muscles to produce 
weakening and reduction of tension [Bjomson et a l, 2007, Roman et a l,  2003]. 
Literature [Bergfeldt et a l, 2006, Gallien et a l, 2004] has documented that Botulinum 
toxin A can be used in reducing spasticity and back pain in people with CP. Although the 
evidence suggests that it can have positive effects, the results are often temporary 
[Roscigno, 2002]. Sutherland et a l [1996] investigated the effects of using Botulinum 
toxin A for treatment by recruiting 26 children with CP. Each child was injected into the 
gastrocnemius muscle at three month intervals over one year. To assess the effectiveness 
of the treatment kinematic and electromyographical data was taken with a time period of 
at least three weeks between injection and the study date. The results show that the 
dynamic ankle dorsiflexion in both stance and swing phase and electromyography of the 
tibialis anterior were significantly improved. However, it has been concluded that the 
positive effects develop within weeks and last 12 to 16 weeks [Graham et a l, 2000].
From the literature, it can be concluded that Botulinum A toxin is considered an effective 
and safe treatment for children with CP though it cannot replace other treatments and it 
should be combined with other procedures to obtain better results [Graham et a l, 2000, 
Sutherland et a l, 1996]. It has also been concluded that there is a need to include physical 
therapy along Botulinum toxin A in order to maximise benefits to people with CP.
Intrathecal Baclofen is a drug used to deliver a small amount of the anti-spastic
medication Baclofen directly to the spinal fluid, which can help in reducing spasticity
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[Dodd et a l, 2010, Patel and Soyode, 2005]. It is also given to children via a pump that is 
implemented under the skin or worn externally. Previous research [Awaad et a l, 2003, 
Leary et a l, 2006] used Baclofen successfully in reducing the leg stiffness caused by 
spasticity, and improving comprehensible speech in children with CP. Although the 
results of using this approach can last for many years, it has several side effects such as 
hypotonia, general weakness, and fatigue [Patel and Soyode, 2005]. Also, overdose might 
lead to depression and coma.
Surgical approaches have been used in attempting to minimise spasticity in children with 
CP. These include selective dorsal rhizotomy technique that is the most common 
neurosurgical approach used to treat spasticity [Dodd et a l, 2010, Patel and Soyode, 
2005]. In this approach, the spinal cord and nerve roots are divided into rootlets. These 
are then activated and the consequential reflex responses are monitored by 
electromyography [Dodd et a l, 2010, Logigian et a l, 1994]. If, following this activation, 
an abnormal response is recognised, that rootlet will be selected for cutting. Although the 
improvements of the motor capacity in children with CP following selective dorsal 
rhizotomies are requiring further research, the approach demonstrates successful results. 
These can typically be seen if it is performed in young children and pursued with 
intensive physiotherapy. In addition, the positive results can only be seen in children with 
mild to moderate spasticity.
Orthopaedic surgery procedure is the most common surgical approach that is used to 
assist in correcting the secondary clinical issues in children with CP [Dodd et a l, 2010, 
Samilson, 1975]. These issues include bony deformities and muscle contractures, for 
example, muscle lengthening, femoral anteversion, tibial torsion, and hip subluxation 
[Gormley, 2001]. Although these procedures may improve walking function in children 
with CP [Gormley, 2001], the corrections made might be temporary. This can be due to 
the fact that the child will grow and consequently the corrected part as well, which might 
require an additional surgery [Gormley, 2001, Samilson, 1975].
All in all, the literature suggests that medication and surgical approaches can be used 
successfully to improve motor capacity for children with CP. This improvement is often 
seen well when these procedures are followed-up with an intensive physical exercise. The 
last is important to improve fitness of individual with CP, which consequently improves
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health, gross motor function, range of motion, and mobility. It is therefore vital to review 
the common physical exercise approaches for the management of children with CP.
2.4.2 Physical Exercise Management
There is no such thing as a perfect therapy for children with CP; in most countries 
physical exercise approaches are the basis of management for children with CP [Dodd et 
ah, 2010, Gage, 1991, Rosenbloom, 1995]. Although each child could benefit firom 
different approaches of intervention, the physical exercise management of CP is targeted 
at improving functional status, preventing secondary impairments, and increasing the 
child’s developmental capability [Dodd et a l, 2010, Rosenbaum, 2003]. Many children 
with CP show muscular weakness that may be reducing fi-om physical programmes which 
aimed at increasing strength and improving daily activities [Barber, 2008, Rosenbaum, 
2003, Taylor et a l, 2005]. Programmes with a target to enhance the child’s walking 
functions and life, by improving muscle strength, include treadmill training, strength 
training, progressive resistance training, and other traditional programmes such as 
Bobath, and Vojta, which might be beneficial for children with CP [Lancioni et a l, 2009, 
Stanger and Oresic, 2003, Verschuren et a l, 2008].
The development of walking function in children with CP plays an important role in 
improving the ability to undertake general activities of daily life. For example, the most 
common interventions concentrate on improving walking function that assists children 
with CP to increase interaction with the environment and their able-bodied peers. There 
are several methods used in the gait rehabilitation of children with CP, such as 
Neurodevelopmental Treatment (NDT), and Body-Weight Support Treadmill (BWST) 
[Barber, 2008, Stanger and Oresic, 2003]. Therefore, the next subsections are used to 
review interventions that are commonly used in the gait management of children with CP.
2.4.2.1 Approaches to General Physical Exercise Management
Physical exercise management usually involves frequent movement of skeletal muscles
which could assist in improving the outcome of the energy expenditure and/or maintain
levels of the physical daily activities [Caspersen et a l, 1985]. For children with CP,
researchers have investigated the effectiveness of different physical exercise programmes
on motor functions. For example, Tsorlaskis et al [2004] evaluated the effect of intensive
NDT programme on Gross Motor Function (GMF) of children with mild to moderate CP.
This evaluation study included 34 children aged between three and 14 years who had
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been categorised into level I, II or III of the GMFCS. These children were divided into 
two groups: a group A and a group B. The children in group A received 50 minutes NDT 
intervention, twice a week, for 16 weeks. The children in the group B underwent the NDT 
intervention for 50 minutes a session, five times a week over 16 weeks. Gross Motor 
Function Measurement (GMFM) scores of all the children were assessed before and after 
the intervention. Although all children in this study showed improvements in their score 
of the GMFM, the children in group B showed statistically significant improvement over 
those in group A. This suggests that the intensive intervention could lead to better 
improvement of the total motor function in children with CP. The positive effect of the 
NDT intervention on the GMF in children with CP was also found by Knox and Evans 
[2002] who examined the functional effects of the NDT intervention in 15 children with 
CP. They assessed the GMFM score and Paediatric Evaluation of Disability Inventory 
(PEDI) at six weekly intervals-baseline, before and after NDT intervention, and follow- 
up. The results showed that the children improved their GMFM and self care skills.
For more practical improvement in the motor function in children with CP, researchers 
have combined the NDT intervention with other designed interventions, such as bicycle 
intervention and treadmill training. In the past few years, researchers have also been 
investigating the effect of a number of exercise approaches in children with CP. Lee et al 
[2008] assessed the effect of strengthening exercise on gait function in children with CP. 
The study included sixteen children four to twelve years old, who had been diagnosed 
with either spastic diplegia or hemiplega type of CP. They were classified into level II or 
level III of GMFCS. The children were divided into a control group and an experimental 
group. In the control group, children had five weeks of conventional physical therapy 
according to the NDT. The nine children in the experimental group completed a five week 
strength programme consisting of three sessions a week for 60 minutes each; the session 
consisted of warm-up stretching exercises, squat to stand, lateral step up, walking up and 
down stairs, and isotonic exercise of LE muscles. The 3D gait analysis, GMFM, and 
number of lateral step-ups were used to assess the exercise programme at pre- and post­
training, and then a six week follow-up. Lee et a l [2008] showed that there were 
statistically significant improvements in the experimental group. These were shown in 
maximal hip extensor and flexion, gait speed, stride length, and GMFM especially 
dimensions D and E. Furthermore, increased muscle strength was shown to be highly
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related to gait function in this study. However, the improvement of GMFM had 
disappeared by the six week follow-up. In addition, their study failed to demonstrate 
strength improvement in many muscle groups of LE in the experimental group. The 
results showed that there was no significant improvement of muscle in the control group. 
According to the results of their study, the study might be a justification that the strength 
exercise programme for children with CP can be viewed as an approach to increase 
walking function, but it is still controversial conclusion [Franki et a l, 2012, Mockford 
and Caulton, 2008, Scianni et a l, 2009].
Blundell et a l [2003] also investigated the effects of a four week exercise programme on 
the motor function of eight children with CP; the children were between four to eight 
years old. The study included seven children with spastic diplegia and one child with 
spastic quadriplegia. The children attended a group circuit exercise for one hour, twice a 
week. An “ABA” study design was used, which consisted of four measurement sessions; 
baseline test was obtained two weeks before training, a pre test immediately before and a 
post-test following training, and then a follow-up test was conducted after eight weeks. 
The children moved through a circuit of work station under the supervision of two 
physiotherapists. Each station was equipped to allow each exercise to be increased or 
decreased in difficulty according to the children’s level of disability. The results indicated 
that the children who completed the training had improved their isometric strength in 
certain muscles. In addition, the children with CP improved their ability to stand up and 
walk more quickly over a specific distance. Blundell and colleagues’ [2003] study has 
shown the feasibility of group circuit training programme for children with CP. Their 
study is an example of effective gait rehabilitation management that could improve 
children’s mobility.
Williams and Pountney [2007] modified a static bicycle in order to understand the effect 
of strengthening exercise programme on the LE in children with CP aged between 11 and 
15 years. Their study included 11 children who were unable to walk and had been 
categorised into level IV or V of the GMFCS, had dyskinetc, or spastic, quadriplegia, or 
diplegia, are able to follow simple instructions, and able to pedal independently on a static 
bicycle. The study used an ABA design, which comprised of a six week baseline, six 
week exercise (three times a week), and six week follow up. In each exercise session, 
children were asked to cycle with the intention of completing a modified form of “graded
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exercise test” on a bicycle. The results of this study are encouraging. Children showed 
improvement in their GMFM score and ability in standing and walking. It can be 
concluded that Williams and Pountney’ study [2007] shows how an effective short 
exercise can assist children with CP to improve their mobility function.
In another study that was conducted by Liao et a l [2007], the effectiveness of 
combination of conventional physiotherapy and a loaded sit to stand resistance exercise 
was investigated. They designed a single-blinded investigation into the effectiveness of 
loaded sit to stand resistance exercise on motor function, muscle strength, and 
Physiologic Cost Index in children with mild CP. The study included 20 children, aged 
between five and twelve years, who had spastic diplegia, were categorised into level I or 
II of the GMFCS, and were able to stand up from a chair independently and maintain 
standing for a further five seconds. The children were divided into an experimental group 
and a control group; the children in both groups received their regular physiotherapy three 
times a week for six weeks. The regular physiotherapy programme consisted of passive 
range of motion exercises, positioning and balance training, functional training, and 
neurodevelopmental training. The children in the experimental group underwent loaded 
sit to stand exercise besides their regular therapy. The total score of GMFM, gait speed, 
isometric strength of knee extensor, and Physiological Cost Index were conducted at the 
beginning and the end of the study period. The results show that the children in the 
experimental group significantly improved their total score of the GMFM. However, the 
children in both groups showed improvements in their muscle strength and motor 
function. This is another example of the effectiveness of physical exercises in improving 
motor capacity in children with CP.
Gagliardi et a l [2008] examined the frequency of physical management for young 
children with CP. 40 children with CP less than six years old participated in this study. 
The GMFM was used to assess the children’s motor abilities at the beginning and a year 
after intervention. The children were divided into two groups; one group received 
continuous integrated intervention twice a week, and the other group received 3i 
(intermittent, intensive, integrated) intervention, in which one month consisted of 
intensive, twice a day intervention followed by a continuous, twice a week phase, lasting 
five months. The results indicated that there was a significant improvement in the mean 
level of the GMFM in children undergoing the 3i intervention, and age had no significant
1 8
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effect on the level of improvement. In conclusion, this study showed that children at an 
early age might improve their mobility functions according to a well-planned integrated 
intervention programme.
Overall, although the literature [Lee et a l, 2008, Verschuren et a l, 2008] on the 
relevance of physical exercise approaches is limited, due to the sample size and variation 
of interventions and outcomes, there is encouraging evidence for the use of programmes 
that can improve muscle strength and performance activities in children with CP. Similar 
positive results are shown by earlier studies [Blauw-Hospers and Hadders-Algra, 2005, 
Gagliardi et a l, 2008]. Altogether might be good justification for the use of well-planned 
and integrated intervention to improve a child’s activities.
The results of the above literature showed that children demonstrated improvement in 
their GMFM scores and muscle strength. However, improvements in gait parameters have 
not been reported by the literature. It has been noticed that the outcome measures of these 
studies are limited to assessment of the GMFM and some other functional tests. As the 
skill of the physiotherapist has an impact on delivering a successful intervention to 
children with CP [Butler and Darrah, 2001], it has been believed changes in their skill 
level could cause differences in outcomes for that intervention. For example, the 
difference in the encouragement given by physiotherapists for the same intervention 
technique could play a role in the difference in outcomes. Following the discussion above 
a method to get around of physiotherapy approaches for CP would be the Partial Body 
Weight Support Treadmill (PBWST) training; it was used at first in adults with symptoms 
of post-stroke and other neurological impairments [Moseley et a l, 2005]. This is now 
being used with children with CP [Dodd and Foley, 2007, Lancioni et a l, 2009, 
O'Sullivan et a l, 2008, Schindl et a l, 2000]. A few studies have demonstrated that 
PBWST training has potential benefits as a useful programme for improving walking 
functions in children with CP [Lancioni et a l, 2009].
2.4.2.2 Treadmill Training
As documented above, children with CP show significant difficulties in walking, resulting 
from, an example, the muscular weakness. Interventions have been designed to increase 
strength and the overall quality of walking ability for children with CP including treadmill 
training in addition to those presented earlier. Previous pilot research studies [Accivatti et 
a l ,  2006, Beard et a l, 2005, Begnoche et a l, 2005, Begnoche and Pitetti, 2007, Blundell
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et a l, 2003, Chemg et a l, 2007, Crowley et a l, 2009, Dannemiller et a l, 2005, Day et 
a l, 2004, DeJong et a l, 2005, Dieruf et a l, 2009, Dodd and Foley, 2007, Johnston et a l, 
2011, Phillips et a l, 2007, Provost et a l, 2007, Sanders et a l, 2005, Schindl et a l, 2000] 
therefore examined the effects and the feasibility of treadmill training in gait 
rehabilitation programmes for children with CP.
These studies (see Table 2-1) varied according to the number of participants and length of 
training programme, but had similar positive results and showed a correlation between 
use of treadmill training programmes and progress in a child’s movements. These also 
showed improvements in gait parameters and functions through repeating rehabilitation 
sessions, for instance, increased step length, walking speed, total percentage score on the 
GMFCS, and muscle strength. As these studies discussed similar approach of delivering 
the treadmill training to some extent for children with CP group, it was suggested to 
present a few of them as examples of the use of the treadmill training programme.
Dood et a l [2007] examined whether a PBWST programme in a school environment for 
children with CP could improve their mobility. This comprised six weeks intervention for 
14 children with CP; they had been categorised into level III or IV of the GMFCS, were 
aged between five and 18 years, and were able to understand simple instructions. The 
children in matched-pairs were divided into an experimental group and a control group 
according to which school they attended. After a twice-weekly PBWST programme of 30 
minutes per session, a ten meter walking test and a ten minute walking test were used to 
measure walking performance. Following the statistical data analysis, the results of the 
study noted that the experimental group increased the distance walked in both tests 
compared with control group. Moreover, the PBWST programme improved the walking 
speed of children with CP. This study might offer some justification for the benefits of the 
PBWST programme, although the intervention for both groups needs some clarification. 
The encouragement that was given during the outcome measurement may also have 
affected these results in terms of completion of the tests by the children in their own 
capability.
Provost et a l [2007] looked at the effects of intensive BWST training in children with 
CP on a two week programme, which tested the children’s endurance, functional gait, 
and balance before and after the intervention. Their study involved six children with 
spastic CP, who had been rated as level I on the GMFCS and had experienced limitation
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in coordination, balance, and speed for advanced gross motor skills. The children were 
divided into two groups according to age: a younger group aged between three and nine 
years and an older group aged between 12 and 14 years. Pre- and post-tests were used two 
to three times on separate days, and included the 10-metre walking velocity test, 6 
minutes endurance walking test, and energy expenditure measurement. The children were 
required to walk on the treadmill for at least 30 minutes twice a day and for six days a 
week. During each session, two research assistants and a physiotherapist reproduced a 
normalized gait cycle and facilitated the children’s gait patterns on the treadmill. The 
study showed statistically significant improvements in gait and endurance measurements 
for ambulatory children with CP. However, some of the children showed no change or 
decline in performance on some tests; this might be due to the fact that these children 
might have already performed at their maximum potential. To confirm the benefit of 
treadmill training for children with CP, it might be needed to include the gait analysis 
before and after the intervention to measure the potential performance in gait parameters 
such as stride length, and the hip extension.
Chemg et a l [2007] investigated whether twelve weeks of BWST programme would 
affect gait and GMF in eight children with spastic diplegia CP. The study consisted of 
children categorised into levels I to III of the GMFCS, aged three to seven years, who 
could follow instmctions. The children were assessed at the beginning of the study, after 
twelve weeks of their normal therapy and then after twelve weeks BWST training, using 
GMFM, muscle tone, selective motor control, and temporal-distance gait parameters. 
According to the philosophy of NDT, all children received their regular therapeutic 
programme to meet each child’s motor function status before entering the study 
programme. The children completed 12 weeks of BWST treatment period for two to three 
sessions a week for 20 minutes per session. These sessions followed two treatment 
designs, which were AAB and ABA designs. The results of this study indicate that there 
was a statistically significant effect of the BWST treatment on stride length, double limb 
support percentage of gait cycle, and on GMFM total score. In contrast, there was no 
statistically significant correlation between the change in GMFM or gait parameters and 
the change in muscle tone or selective motor control. It might be needed to consider 
power size for a future study in order to find out the effect of BWST on muscle tone and
2 1
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its correlation with walking performance, during this study. Their study does suggest 
some benefits of the BWST training for children with CP.
Traditional physical therapy exercise combined with PBWT training was considered by 
Begnoche et a l [2007] for children with spastic CP. GMFM, PEDI, pedographs, and 10 
metre walking test were measured before and after the intervention to evaluate the gait 
performance. Five children with CP participated in a four week intervention, with three to 
four two-hour- sessions per week. The intervention session included traditional physical 
therapy and PBWT training; therapeutic exercises were used during the conventional 
physical therapy, while the children spent 15 to 35 minutes on PBWT training per session 
under the supervision of two physiotherapists. Four children showed improvement in their 
total percentage score on the GMFM, especially in dimension E (running, walking, and 
jumping), while significant differences were seen only in pre- and post-tests in step 
length. In conclusion, the results indicate that gait and functional skills could be affected 
by the inclusion of the PBWT training in traditional physical therapy.
Treadmill with weight partial body support in non-ambulatory children was examined by 
Schindl et a l [2000]. The study included ten children aged six to 18 years who received 
three 30-minute- treadmill sessions a week, including five minutes of doffing and 
donning, for three months. The children were rated at two baseline measurements; six and 
three weeks before the intervention, one at the beginning, and at the end. This included 
Functional Ambulation Categories (FAC) and standing and walking of GMFM. The 
children were divided into two groups according to their walking ability. The results 
indicated that the children showed improvement in FAC levels and the standing and 
walking sections of GMFM. Eight children found this technique motivating and 
enjoyable, because they could manage gait rehabilitation safely as compared to standard 
therapy. On the other hand, two children found this technique rather exhausting. This 
study is also another example of treadmill training, however, it needs some clarification 
for the aforementioned motivation results.
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M.Al-Amri__________________________________________________________________________________ Chapter2 : Cerebral Palsy
2.5 Discussion and Conclusions
Motor capacity in children with CP is limited which can restrict their daily activities. A 
variety of approaches have been developed with the aim of enabling children with CP to 
learn how to improve their motor capabilities. As documented above, these are based on 
medical, surgical, and physical concepts. The decision of which approach a child with CP 
should have is not easy to be taken. This can be due to the fact that there are several 
factors that impact on the choice of an intervention approach. For example, severity of 
spasticity, age, muscle strength, a person’s size, and motor functional level. As 
documented in the literature it is recommended that each child should be assisted 
individually. It has also been noticed that children with CP could benefit if a combination 
of approaches have been applied.
The heterogeneity of CP symptoms can make it difficult to compare the results presented 
in the literature. Although the conclusion that has been documented by the literature of 
this chapter is that children with CP can benefit from medical and surgical interventions, 
there is agreement on the need for physical exercise approaches in combination with these 
approaches or even without. It has been concluded that further research is needed in order 
to explore the potential benefits of each approach on children with CP, as well as on their 
quality of life.
Several conventional approaches have been developed to optimise motor capacity in 
children with CP. These approaches include typical gait training based on the walking 
with essential walking aids. These can enable physiotherapists to begin gait rehabilitation 
with children with CP. Benefits obtained from these approaches typically depend on 
intensity and stage at which children with CP start the intervention. The intensive 
physical training and early intervention for children with CP have consequently been 
carried out by a number of studies [Blauw-Hospers and Hadders-Algra, 2005, Blundell et 
a l, 2003, Gagliardi et a l, 2008, Lee et a l, 2008, Taylor et a l, 2005, Verschuren et a l, 
2008]. These studies varied the number of participants and length of training programme, 
but still had similar positive results. However, staffing and space allocation can limit the 
number of physiotherapy sessions that can be provided. In addition, some patients can 
find it difficult to maintain an appropriate level of motivation when sessions are 
undertaken in unrealistic environments or conditions. Strategies of gait rehabilitation for 
children with CP have been thus elaborated by considering treadmill training approach to
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addressing some of these limitations. It provides an opportunity on focusing on improving 
child’s movements as suggested in the literature [Chemg et a l, 2007, Dodd and Foley, 
2007, Johnston et a l, 2011, Lancioni et a l, 2009, O'Sullivan et a l,  2008, Provost et a l, 
2007]. This literature has outlined interventions based on the use of a treadmill with 
children with CP and confirmed its usefulness to train the whole gait cycle which assist in 
improving children’ movements. The results of the treadmill training have also shown 
that the management of gait training adopted to re-educate walking in the CP population, 
can considerably influence the level of walking recovery. This has been agreed with the 
outcomes of the previous studies although two studies show less positive effects of the 
use of treadmill training for children with CP into clinical outcomes [Accivatti et a l, 
2006, Sanders et a l, 2005]. This might be due to the fact that there is a lack of 
information provided by these two studies and others mentioned in Table 2.1 about the 
psychological development and growth of the participants during their treatment journey. 
This information might be useful in understanding the link between the condition and 
participants’ improvements. Especially, it is believed that some children with CP have 
reached the maximum level of getting improvements on their motor capacity.
From this review it can be believed that the evidence is encouraging in terms of outcomes
to support the intervention in to the use of the treadmill training programme among the
CP population. It is appropriate to carry out further research to explore the gait
rehabilitation of children with CP. It is also important to consider a study based on a
sample size calculation as part of the methodology in order to find out how treadmill
training would be beneficial to children with CP and to obtain more reliable results. This
is important to be considered because most of the studies in the literature did not report
the sample size calculation which is one of the key elements in providing sufficient power
that could indicate the significant relevant of clinical effects. The benefits of treadmill
training programme on the children who have never experienced walking need to be
scrutinised as well. These will allow researchers to develop and understand the aspect that
are needed to modify the treadmill rehabilitation programme for children with CP. Further
research is needed to explore potential benefit of interaction between children with CP
and rehabilitation environment on the motivation and self confidence; these on the part of
the child remain an issue [Lancioni et a l, 2009]. The inclusion of a virtual reality (VR)
environment into training which can then become, for instance, a structured ‘game’ that
the child can become immersed in, is a possible approach to engaging children who might
33
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otherwise lack the motivation needed to complete a prescribed rehabilitation programme. 
The work outlined in this thesis focuses on the development of this technology for 
rehabilitation purposes. The following chapter describes literature of VR based 
rehabilitation.
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Chapter 3 
3 Virtual Reality based Rehabilitation
3.1 Overview of Chapter 3
An overview of CP and treatments has been presented in the previous chapter. It was 
concluded from chapter two that treadmill training is one of the most recently developed 
gait rehabilitation technique for children with CP. Literature suggests that motivation is 
key to encouraging children with CP to engage in their rehabilitation sessions. Therefore, 
VR is being considered as a potential motivational tool.
This chapter provides a brief description of VR, and an overview of VR based 
rehabilitation such as the ones used in cognitive and UE rehabilitation. It also focuses on 
the literature of VR based LE rehabilitation for stroke patients and children with CP. The 
intent of this chapter is to outline possibilities of using VR technology within 
rehabilitation methods, specifically, with LE.
3.2 Principles of Virtual Reality
VR is a technology that has been commercially available since the late 1980s [Burdea, 
2003], however, the question that could be raised in this section is: what is VR? As stated 
by Kalawsky [1993], researchers in every scientific meeting attempt to define the VR 
term according to their application. Kalawsky [1993] then remarks that ''there probably 
are as many definitions for VR as there are people in the fielcV. The term VR is a 
combined one between two words “Virtual” and “Reality”. The definitions of “Reality” 
firom the online Oxford Advanced Learner’s Dictionary^ are:
Reality (noun)
1. [uncountable] the true situation and the problems that actually exist in life, in contrast to how you would like 
life to be
a. She refuses to face reality.
b. You 're out of touch with reality.
c. The reality is that there is not enough money to pay for this project.
d. They seemed to have the perfect marriage but the reality was very different.
2. [countable] a thing that is actually experienced or seen, in contrast to what people might imagine the harsh 
realities o f life
a. This decision reflects the realities o f the political situation.
b. The paperless office is still far from being a reality.
c. Will time travel ever become a reality?
The Oxford English Dictionary, “The Oxford Advanced Learner’s Dictionary”, cited [14/07/2011]; Available from: 
http://www.oxfordadvancedleamersdictionary.com/
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3. [uncountable] reality television/TV/shows/series/contestants television/shows, etc. that use real people (not 
actors) in real situations, presented as entertainment
a. A reality TV star
b. The reality show ‘Big Brother
It can be said that the reality is everything the human brain can consciously understand 
through the five senses that are associated with cognitive process in a physical world and 
space. The cognitive process is carried out physiologically in the human brain and which 
convert guaranteed states of human sensory apparatuses into perception.
Similarly, the definitions of “Virtual” firom the online Oxford Advanced Learner’s 
Dictionary^ are:
Virtual (adjective)
1. Almost or very nearly the thing described, so that any slight difference is not important
a. The country was sliding into a state o f virtual civil war.
b. The company has a virtual monopoly in this area o f trade.
c. He married a virtual stranger.
2. Made to appear to exist by the use o f computer software, for example on the Internet
a. New technology has enabled development o f an online ‘virtual library ’.
These definitions can lead one to suggest that “Virtual” is an adjective that depicts a 
practical essence. The word “Virtual” has also several meanings when it relates to 
computers. It is used in computer compiled environment simulations of the reality. It is 
clear that the combination of words “Virtual” and “Reality” could refer to more than one 
meaning among scientists but they have same characteristics [Kalawsky, 1993]. VR is 
used to describe the human computer interface that allows users to control 3D objects 
with Six Degree Of Freedom (6D0F). However, it might be said that even though it 
always implies use of 3D graphics, not all 3D set-up graphic can be used to be VR 
systems as they are not always immersive or interactive; immersive in this work is used to 
describe the level of which users are given impression into they actually in the place 
represented by the presentation. Marsh et al. [1998] proposed a framework (see Figure 
3.1) that aims at helping to identify common features, attributes, and concepts of VR; and 
to differentiate VR from other computer generated graphical systems and media that have 
also been recognised as inducing a sense of presence and/or immersion such as cinema 
and television. This framework was an endeavour to provide a collective understanding of 
VR. The framework shows examples of VR systems which are:
• Head Mounted Display (HMD) that is a small helmet which consists of small 
monitors placed in front of each eye in order to provide stereo images
• Augmented system is that allows the users to view the real image with the virtual 
image through the use of HMD
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• Desktop VR refers to a system which uses a traditional graphic workstation with
various input devices that enable users see and control environments in 3D
• Computer Automatic Virtual Environment (CAVE) uses projectors to project 
images on three or four walls and the floor
• Projected VR uses two or a 3D projector to project images for users into a wall
• Virtual Workbench refers to a small non or semi-immersive VR system that
enables users to see and interact with stereoscopic environments projected on a
workplace similar to tabletop
Yes No
NoYes
Yes No
Is it possible to move around in the 
environment, i.e navigate or explore?
Is it possible to manipulate or interact 
with objects in the environment or with 
the environment itself?
Passive viewer of images with 3D 
computer generated objects or 
environment:
- Cinema/TV with 3D computer graphics 
FX. 3D computer generated animation
Are some or all of the objects in the environment, and/or the 
environment itself generated by 3D computer graphics 
techniques ie: shading, texture gradients, occlusion, and 
perspective?______________
No 3D computer generated graphics or 
effects (FX):
- Graphical User Interface (GUI)
- 2D CAD
- 2D drawing and modelling system
- 2D animation, cinema, TV, 
photography
Boundary (sorne^fbelow support walk 
through or fly-bys) __________
3D computer graphics simulation 
3D CAD
3D computer graphic visualization 
3D computer graphic modelling system 
Video games
HMD
Augmented 
Desktop VR 
CAVE 
Projected 
Virtual workbench 
Video games
Virtual Reality
Figure 3.1 : A shared framework for VR [Marsh et al, 1998]
Vince [1995] and Burdea and Coiffet [2003] have defined VR as an approach to enable 
users or physical objects to be part of the virtual domain which is provided by a eomputer 
that is based on 3D environments. VR can also be described as an integration of 
immersion - interaction - imagination [Burdea and Coiffet, 2003, Ye et a l, 2007]. It is
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now being used as a safe environment to solve real dilemmas in some fields. For example, 
VR has been used to solve chemical problems and simulated war environment in order to 
train soldiers to become familiar with unknown areas [Vince, 1995]. It is widely used to 
operate and explore data in ways that were impractical in the past, but the excessive cost 
of VR makes it difficult to be mainstream [Burdea and Coiffet, 2003].
The interaction with a 3D world is important because our real world is 3D and humans 
think in 3D [Thalmann and Thalmann, 1999, Vince, 1995]. Researchers believe that the 
brain sees things in 3D due to the fact that human vision begins with 2D images on both 
retinas, which are merged through neural processing that facilitates the brain perceiving 
3D images [Gowlett, 2006]. Scientists create stereo images based on the understanding of 
how the human brain sees things in 3D. Accordingly, the following methods have been 
developed in order to enable users to see 3D images:
• Anaglyphs: users can see 3D images through use of certain colour filters
• Passive and active polarisation stereo: users can see 3D images by using glasses 
containing polarising filters (circular or linear)
As a result of the discussion above, VR in this work has been defined as technologies that 
allow users to interact with a 3D virtual world and which immersive them partially or 
fully in the virtual world. The interaction between users and 3D environment can be 
achieved in a number of ways; for example, a HMD, data gloves, or other devices which 
enable users to use VR systems.
Virtual environments are typically delivered by a number of VR systems that are 
classified into the following three categories and explained in the next section [Kalawsky, 
1993, Vince, 1995] :
• A desktop system that allows the users to view a 3D environment through desktop 
or a graphic workstation. In this system, the users navigate the VR using a device 
such as a Space Mouse
• A stereoscopic projection system that enables users to become partially immersed 
in the 3D environment through wearing glasses which increases the illusion of
depth in presented images for users
. - 
. . . . . . .
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• An immersive system that allows the users to become fully immersed in the 3D 
environment through HMD or CAVE
3.3 Virtual Reality Systems
The VR hardware can be divided into input and output components. Both are essential as 
the input hardware is used in order to enable users to act with a virtual environment, while 
the output hardware is used with the aim of creating the illusion of a virtual world. VR 
systems receive input from data gloves, speech recognition, tracking systems, and other 
devices. To provide users with feedback about the VR, common output hardware devices 
are used including HMD, standard monitors, and a projection screen.
Although VR software is playing the key role of providing graphics for displays, and 
access to input and output devices to process and control a VR world, there is no common 
VR software in use. However, the combination of these components enables developers 
to develop different VR systems that are being used with a wide range of VR 
applications. So far, VR systems can be classified into three categories according to the 
sense of immersion and the degree of presence [Vince, 1995]. These systems are: desktop 
system, semi-immersive (stereo projection) system, and full-immersive (HMD) system.
3.3.1 Desktop Virtual Reality System
A desktop VR system consists of a standard high resolution monitor and input devices 
such as data gloves, and keyboards. The system enables users to interact with a virtual 
world via a standard desktop computer, with or without stereo-vision. If it offers a stéréo­
vision, then it is synchronised with active spectacles or a passive display method that 
enables users to view a virtual world in 3D.
The desktop VR system has advantages in that it does not require special hardware or a 
special computer to be implemented. Thus, the system is classified as an inexpensive VR 
system. Although it typically allows one user to control a virtual world, it is possible for 
multiple users to simultaneously watch and interact with a virtual world. However, the 
system provides almost no immersion, and even with stereo-vision it does present a 
virtual world incorrectly at the edge of a desktop monitor. This allows one eye but not the 
other to receive a view of the object [Burdea and Coiffet, 2003, Vince, 1995].
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3.3.2 Semi-Immersive (Stereoscopic Projection) System
A stereoscopic projection system comprises of a comparatively high performance 
graphics processor which could be connected with multiple television monitors, a screen 
monitor, or a projector screen. There are a number of technologies used in VR 
stereoscopic projection system, from projectors to filters and spectacles which are used to 
allow each eye to see the correct image. The most common VR stereoscopic projection 
system is based on two projectors or one 3D projector. In this system, users can be 
tracked and immersed in the virtual world. The nature of this VR system allows either a 
single user or more to interact with a virtual world [Burdea and Coiffet, 2003, Vince, 
1995].
The most important advantage of this system is that it has a large field of view which 
leads to a more immersive virtual world. Moreover, through its use, virtual objects can be 
represented at full scale and this enables users to understand an object’s size. The other 
important advantage of using this system is that it enables users to use a virtual world for 
longer with minimum side effects. However, the system might have a low frame rate 
(refers to the frequency at which the system produces consecutive images every second) 
and a system lag which can cause cybersickness; it refers to motion sickness experienced 
during or after immersion in a virtual world. Setting this system up, special skills are 
required in order to deliver images correctly and to minimise side effects for users.
3.3.3 Full-Immersive (HMD) System
A full-immersive VR system provides users a stereoscopic, head tracked and as much as 
possible surrounding visual experience using HMD or multi-stereo projection systems. 
The HMD system can partially or fully isolate users from the real world and improve the 
field of view of a virtual world. Thus, HMD monitors cover the whole field of view for 
each eye. This means that special skills are required to generate a virtual world for each 
eye correctly. However, as a device it does not really require special skills to be set-up 
and maintained. The weight of a HMD might be detrimental to the user’s musculoskeletal 
system of the head and neck. Users could also feel some discomfort after using the HMD 
system in terms of its temporary effects on visual system. In addition, the low frame rate 
or lag in the HMD systems could cause cybersickness. The other important disadvantage 
of the HMD system is that it is expensive and only one user can use it.
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The other full-immersive system is the multi-screen projection system. It is known as a 
CAVE VR system. In this system, four projectors are used to projeet stereo images onto 
the sereens and floor of a room (see Figure 3.2). The projected image on each screen 
eould eome from a single graphic processor in a computer, multiple graphic processors on 
one eomputer, or multiple graphic processors from multiple computers. Since the images 
are being generated from multiple image sources, the images must be presented on each 
screen simultaneously. The benefits of using a CAVE VR system are: more than one user 
can share the experience of a virtual world and it eovers an entire field of view. The most 
common disadvantages of this system are that it needs a large space and special skills to 
be calibrated and set up.
Figure 3.2: Schematic of an idealised Cave VR system. Tiled rear projection stereo images 
appear on up to six faces of the room in which the operator works. In practice, most Caves have 
three to four faces with oroiections FVuvlsteker. 20041
3.4 Virtual Reality based Rehabilitation
As mentioned earlier, VR is being used in medical applications such as surgery, 
telemedieine, medical education, medical diagnosis, and rehabilitation [Al-Khalifah et a l, 
2006, Burdea, 2003, Hong and Feng, 2005]. In the last decade VR has been growing in 
most rehabilitation areas such as cognitive impairment and motor impairment [Cobb and 
Sharkey, 2007, Crosbie et a l, 2007, Holden, 2005, Johnson et a l, 1996, Rose, 1996]. In 
this respect, the definition of VR based rehabilitation can be defined as a series of 
structured games, including targets and levels, whieh are generated through a VR system
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to achieve the main factors required for rehabilitation. High intensity [Green et a l, 2004, 
Ryan et a i, 2006, The Glasgow Augmented Physiotherapy Study (GAPS) Group, 2004], 
and repetition [Jobges et a l, 2004, Pohl et a l, 2007] are the main factors that impact on 
rehabilitation performance and can be obtained when using VR based rehabilitation.
VR may also augment conventional rehabilitation methods as VR simulates similar 
environments to real life which can make the patients forget the treatment situations 
[Rizzo et a l, 2004]. Motivation is another potential benefit of VR and relevant to motor 
learning. For example, VR persuades users to repeat rehabilitation tasks while they are 
engaged with VR scenarios [Burdea, 2003, Holden, 2005, Rizzo et a l, 2004]. The users’ 
interaction in VR scenarios in a safe environment and the visual and auditory feedbacks 
of their performance can increase motivation. This could allow users to be exposed to 
more complex physical environments including simulated environmental hazards without 
physical danger [Burdea, 2003, Holden, 2005, Holden and Todorov, 2002, Rizzo et a l, 
2004, Sveistrup, 2004]. Unfortunately, VR can generate cybersickness such as nausea, 
vomiting, headache, and loss of balance while users are immersed in VR [Holden, 2005]. 
However, less immersive desktop or wall screen displays might decrease the incidence of 
cybersickness as reported by Holden [2005].
The overall goal of this section was not, however, to review every published work in the 
VR based rehabilitation field, but to consider the following question that will lead to the 
direction of this work: Is VR based rehabilitation feasible? To answer this question, an 
online search was undertaken with a combination of keywords-based search over 
relational databases. This search included Google Scholar, PubMed, ScienceDirect, and 
Web of Knowledge. The keywords used in the search were: “Virtual Reality”, “stroke”, 
’’cognitive”, ’’upper extremity”, “lower extremity”, “rehabilitation”, and “home-based 
rehabilitation”. Online search retrieved much research that has been done in investigating 
feasibility of VR based UE, LE, and cognitive rehabilitation for stroke patients. It was 
then suggested to review a number of literature reviews focusing on evaluating the 
effectiveness of VR based rehabilitation for stroke patients, as presented in the following 
subsections. A brief introduction into VR applications in rehabilitation based on clinical 
problems: cognitive, UE, and LE, is accordingly outlined based on the review of the 
literature papers and other relevant studies that are presented in the section. VR based 
rehabilitation at home is also discussed.
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3.4.1 Virtual Reality based Cognitive Rehabilitation
Cognitive impairments result from the dysfunction of the central nervous system (CNS) 
[Rizzo et a l, 2000]. Patients with these impairments may have memory or attention 
deficits. However, patients can still recover their cognitive functions to some extent by 
following rehabilitation that can help in restoring cognitive processes or improve the 
skills’ activities for daily living [Rizzo et a l, 2000]. Literature review papers [Cobb and 
Sharkey, 2007, Rizzo e/ a l, 2000, Rose et a l, 2005] presented published studies that 
documented VR as a useful rehabilitation tool for improvement of cognitive functions 
compared to not including VR; these were achieved following use of VR scenarios that 
aim to improve the rehabilitation targets. Example of these scenarios are: street crossing 
[Weiss et a l, 2003]; supermarket shopping [Cardoso et a l, 2006, Rand et a l, 2009]; and 
the kitchen environment [Gourlay et a l, 2000].
Due to the positive improvements of cognitive function, for example, following the use of 
the scenarios discussed above, the literature has reported the feasibility of VR based 
cognitive rehabilitation in the form of enhancing, motivating, and reducing the physical 
hazard for patients with impaired cognition. VR systems used in cognitive rehabilitation 
were based on the use of HMD or other devices to interact with the VR environment such 
as data gloves, and other devices. The literature has also documented that patients 
performed exercise in a safe environment [Cameirao et a l, 2010, Cardoso et a l, 2006, 
Gourlay et a l, 2000, Weiss et a l, 2003], which consequently helped patients to improve 
their cognitive function. Moreover, the improvements gained after the use of a VR based 
cognitive rehabilitation system, have been perceived to transfer to real world performance 
[Rose et a l, 2005]. It was noticed that VR is used successfully as a cognitive 
rehabilitation tool in terms of providing feasible clinical tasks and as a clinical 
assessment, of cognitive process and functional abilities [Rizzo et a l, 2000].
3.4.2 Virtual Reality based Upper Extremity Rehabilitation
The most common application of VR based UE rehabilitation is for stroke patients. Stroke 
is one of the most widespread medical condition in the world, which each year affects 
over 100,000 people in the UK and about 750,000 in the USA [Crosbie et a l, 2007]. A 
number of studies [Adamovich et a l, 2005, Broeren et a l, 2008, Burdea et a l,  2011, 
Deutsch et a l, 2004, Subramanian et a l, 2007a, Subramanian et a l, 2007b] investigated 
the feasibility of using VR based UE rehabilitation through the assessment and the
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improvement of hand function in stroke patients. These studies reported that VR based 
UE rehabilitation helped in improving UE fimetions sueh as range of motion, the speed of 
movement, the strength of fingers, and the fractionation (degree of independence of) of 
individual fingers. VR was also successfully used as a tool in UE rehabilitation by 
providing a real-time quantity of 3D task analysis [Broeren et a l, 2008]. VR in UE 
rehabilitation can enhance feedback in terms of providing knowledge of performance and 
knowledge of results to patients [Subramanian et a l, 2007a]. Consequently, patients’ 
motivation and accordingly their motor retraining can be improved.
VR rehabilitation is now being designed in the form of structured games to rehabilitate 
hand function. This is based on the use of HMD to display and Cybergloves to monitor 
the hand position in most of the systems documented in literature mentioned above and 
by Holden [2005]. For example, Adamovich et a l [2005] and Deutsch et a l [2004] used 
the Rutgers Master II glove to provide haptic monitoring and feedback combined with 
position sensing that was used to detect the fingertip location versus the palm (feedback 
actuators placed in it). Recently, Burdea et a l [2011] examined the feasibility of VR 
based UE rehabilitation and its effects on training in individuals with chronic stroke, 
using the Rutgers Master II glove. The feasibility of this system in improving finger 
flexion, active range of motion, and UE functions was shown by four patients; who were 
chronic post stroke with right side hemiplega and who performed a 60 minute session, 
three times a week, for six weeks.
The feasibility of UE rehabilitation based on VR for stroke patients at a hospital was also 
documented by Edmans et a l [2006] and Pridmore et a l [2007]. A virtual task that was 
used in order to help patients with stroke in improving their daily life activities was to 
make a hot drink in VR [Edmans et a l, 2006]. This VR task was developed to use mixed 
reality technology, which enabled patients to interact with the real world elements in a 
virtual world [Edmans et a l, 2006]. In mixed reality systems, physical components are 
presented to the users in the virtual environment via sensors. Likewise, the users interact 
directly with the virtual objects via a touch screen, and visual feedback and pre-recorded 
audio-visual guidance is provided.
To summarise, VR systems are being developed for use in UE rehabilitation clinics as a 
motivation environment for patients. These systems are also being integrated to provide 
real-time feedback which may improve patients perspective and predictive on their ability
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to recover upper limb function. It has been suggested that there is sufficient evidence of 
positive improvements in hands functions subsequent to the use of VR based UE 
rehabilitation [Adamovich et a l, 2005, Burdea et a l, 2011, Holden, 2005]. This 
conclusion has also been documented in a recent review [Saposnik et a l, 2011] that 
shows there are potential positive effects of the VR on clinical functional outcome of UE 
in stroke rehabilitation.
3.4.3 Virtual Reality based Lower Extremity Rehabilitation
The deficits of gait have a major impact on daily living. So far, rehabilitation has been 
used to treat these deficits by using a variety of exercise techniques. The length, 
repetition, and enjoyment of exercises can help in the recovery of these deficits [Mauritz,
2002]. The two main factors which affect gait rehabilitation are unsafe walking and 
difficulties in climbing stairs [Mauritz, 2002]. As documented in earlier subsections, 
literature has shown that VR could improve the outcome of rehabilitation techniques in 
cognition and UE. Therefore, VR has recently been employed in gait applications such as 
use of simulators to get more freedom in walking [Shiozawa et a l, 2004], animating 
human walking in VR to determine gait characteristics [Chung and Hahn, 1999], as an 
instructor for gait training [Koritnik et a l, 2008], and in balanced rehabilitation by using 
virtual cycling [Kim et a l, 1999].
Sheik-Nainar et a l [2007] studied the behaviour of gait under optic flow’ effects during 
treadmill walking generated using an immersive VR system with comparison to over­
ground walking. In this study the optic flow is defined as the relative pattern of movement 
between walker and the environment. 19 subjects were instructed to walk under three 
locomotion conditions: over-ground walking (OW), treadmill walking (TW), and 
treadmill walking with VR (TWVR) and with three walking constraints which were: No 
constraint, temporal constraint, and spatial constraint. Sheik-Nainar et a l [2007] found 
that the gait behaviour was affected by the presence of optic flow during TWVR (gait 
behaviour found to be fairly similar to OW behaviour) with higher cadence and speed 
than TW. Their study gives encouragement to researchers to use VR with treadmill in gait 
rehabilitation although the biomechanical differences between walking on a treadmill and 
overground walking need to be considered [Lee and Hidler, 2008].
The positive results reported above suggest that the enhancement of LE rehabilitation 
techniques with VR systems should be investigated further. These systems were
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developed to motivate patients and provide a safe environment [Deutsch and Mirelman,
2007]. Recently, some clinical pilot studies have investigated the feasibility of the VR 
based LE rehabilitation for stroke patients [Deutsch et a l, 2004, Deutsch and Mirelman, 
2007, Fung et a l, 2006, Jaffe et a l, 2004, Mirelman et a l, 2010, Tierney et a l, 2007, 
Yang et a l, 2008, You et a l, 2005c]. These studies reported improvements in walking 
parameters such as stride length, and ground reaction force (GRF ) [Hollman et a l, 2007, 
You et a l, 2005c]. Walking speed was also increased [Fung et a l, 2006, Jaffe et a l, 
2004, Yang et a l, 2008].
Jaffe et a l [2004] measured changes in gait when walking on a motorised treadmill with a 
VR system and walking in a real environment. In this system, ten patients were instructed 
to step over ten virtual obstacles for the period of 12 trials in one session with three 
opportunities to clear the obstacles without touching them. Patients using the VR system 
wore HMD to view the real-time images produced by the camera positioned at the side of 
their legs, while patients who walked on the treadmill wore overhead harnesses for safety. 
Other ten patients were asked to step over real foam objects on a 10 m walkway. Walking 
parameters were evaluated by four tests: a balance test, a walking test, an obstacle test, 
and the six minute walking test with two speeds (self selected (SS), and fast as possible 
(Fast)). Significant improvements in gait parameters during Fast speed were shown 
during VR training. In addition, walking speed and step length during SS and Fast speeds 
improved much more in the VR system than the over-ground system. Overall, in the VR 
system, obstacle clearance and walking parameters showed better results than in the real 
system. This might be due to the safe environment offered in the VR system. This study 
can be considered as evidence for the benefit of using VR in gait rehabilitation. However, 
the reasons for the improvements in the real group being less than it is in the virtual group 
need to be explored.
Fung et a l [2006] showed that two stroke patients were motivated by the VR system. In 
this system, patients wore 3D stereo glasses and walked on a self-paced motorised 
treadmill mounted onto 6D0F motion platform supported with a dynamic handrail to 
interact safely through community virtual environment. Patients improved their walking 
speed after nine sessions based on three VR scenarios (corridor walking, street crossing, 
and park stroll) and three levels of complexity (walking speed, slopes, and avoid
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collisions). It is optimistic that VR is feasible for stroke patients to rehabilitate their 
walking function with minimal supervision and motivational environments.
The feasibility of gait rehabilitation based on VR in the community ambulation were also 
reported by Yang et al. [2008] who asked 11 stroke patients to walk on an interfaced 
treadmill with virtual environments. These were projected onto the walls in front of 
patients through three projectors connected to three computers. VR scenarios were 
designed to simulate a typical community in Taipei, which consisted of lane walking, 
street crossing, park stroll, and obstacles striding across. Patients were asked to perform 
the training programme through different levels of complexity. These levels were 
requiring fast walking speed, successful adaptation to changes in obstacles heights and 
surface slopes, and increased decision making to avoid collisions. Significant 
improvements in walking speed and the community walking time were shown in patients 
who used the VR based rehabilitation system for three sessions a week over a three week 
period compared to those who used only the treadmill. These nine stroke patients were 
asked to walk on the treadmill without VR to perform different tasks over the same 
period. These tasks were: lifting legs to clear obstacles, uphill and downhill walking, and 
fast walking. Yang et al. [2008] and Fung et al. [2006] demonstrated the feasibility of VR 
in walking rehabilitation based on virtual scenarios progressed through different levels of 
complexity to improve walking skills involving. These studies needed more subjects to 
confirm the reference of VR in the gait rehabilitation.
In a recent study [Perez and Fung, 2011] an instrumented cane was developed to be used 
in conjunction with the treadmill based on VR. The cane was adjustable to be affixed with 
a ball joint with its centre mounted onto the centre of force transducer. Through the ball 
joint it can be moved in 3 DOF while it was screwed on to either the left or right side of 
the treadmill. Perez and Fung [2011] investigated the feasibility of this novel device with 
five stroke patients and five healthy older adults. Patients were asked to walk with and 
without use of the cane in two conditions; they walked on a self-paced treadmill 
interfaced with VR, and over-ground physical environment. The preliminary results of 
this study showed that this assistive device is feasible in terms of assisting people with 
and/or without medical conditions in VR based gait rehabilitation. It can also be 
concluded that the instrumented cane would make the virtual rehabilitation environment 
more realistic to the real world.
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You et a l [2005c] investigated the effects of gait rehabilitation based VR by using a 
commercial VR system, the IREX VR system. The effect of VR in gait rehabilitation was 
investigated through evaluating cortical reorganisation in 10 patients post stroke. Patients 
were divided into two groups, the VR group and the control group. The control group did 
not have any intervention. This technique showed a good increase in the walking capacity 
and the motor function in the VR group. This occurred within an intervention that was 
given for 60 minutes training per day for five sessions a week over a four week period. 
This study reported that VR contributed to positive changes in the neural organisation and 
the associated functional ambulation. Although this investigation is a good evidence of 
high repetition of VR based rehabilitation, it does not clearly describe the exercise 
progression and the number of repetitions. It does not also describe the control group 
intervention.
Development of an approach that consisted of the Rutgers Ankle robot, a control 
interface, and the monitoring desktop was demonstrated by previous studies [Boian et a l, 
2002, Deutsch et a l, 2004, Deutsch and Mirelman, 2007]. In this approach, the ankle 
rehabilitation technique based on the VR system was used to investigate whether training 
in VR would improve walking speed over-ground. These studies demonstrated that the 
transfer of training from the VR environment to the real environment is possible. This 
happened after 4312 repetitions within 12 hours of training for four weeks. In addition, 
the improvements of gait speed and walking endurance are reported in these studies. Thus 
far, the Rutgers Ankle Rehabilitation system has been improved and is used directly as 
tele-rehabilitation system by Deutsch [2005]. Studies used the Rutgers Ankle 
Rehabilitation system showed that the VR based rehabilitation is effective, and accepted 
by both patients and therapists.
Mirelman et a l [2010] evaluated gait biomechanics of individuals post stroke after 
training with a VR system. 18 subjects with stroke completed three hours of rehabilitation 
sessions on the Rutgers Ankle Rehabilitation system a week, for four weeks. These 
subjects were divided into the VR group and the non-VR group. Subjects in both groups 
were asked to use the system, but those in VR group executed the training sessions by 
using foot movements to navigate through VR environments. The comparisons of 
kinematic and kinetic gait parameters between groups demonstrated that the subjects in
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the VR group showed greater improvements in ankle power generation at planter flexion 
(push-off), and knee and ankle range of motion.
Until recently, VR has shown potential benefits on outcomes of physical rehabilitation 
undertaken within laboratory environments. Interestingly, literature has shown that there 
are possible benefits in using VR based rehabilitation at home as will briefly be presented 
in the next subsection.
3.4.4 Virtual Reality based Rehabilitation at Home
Patients often return home while they are still in need of rehabilitation to improve their 
deficits. Clinicians often provided patients with a structured rehabilitation programme to 
be achieved at home to help them improving their ftinctions and reduce ftirther 
impairments [Outpatient Service Trialists, 2003]. Patients still like to attend rehabilitation 
clinics in order to continue their rehabilitation effectively. There are a number of factors 
that discourage patients to continue rehabilitation; for instance, some patients are unable 
to leave the home independently. In this case, physiotherapists might be able to visit the 
patients at home, but it can be difficult due to a number of faetors including the cost of 
transport, the number of physiotherapists available [Young and Forster, 2007], and the 
physical distribution of patients.
One possible way to address these factors is to provide home based rehabilitation is 
through the use of a VR based rehabilitation system [Holden et a l, 2007, Holden et a l,
2003]. Broem et al [2008] assessed application of a VR based rehabilitation system for 
patients with stroke. 29 patients were instructed to interact with a VR system through a 
haptic device (handheld stylus), and stereoscopic glasses while therapists monitored 
patients via Skype with a camera. In terms of technical issues, the system worked at home 
without any problems. Moreover, patients improved capacity of their UE function.
In an evaluation study into the feasibility of rehabilitation at home based on VR, Holden
et a l [2007] used two monitors for both patients and therapists; one for the VR scene and
one for the video conference image with therapists. The protocol of this system was to
allow patients to take the training via pre-recorded teaching in the VR under therapist
control; therapists controlled the training via the monitors. Out of 11 stroke patients who
participated in this study, significant and clinical improvements of UE functions were
reported in three out of four clinical tests used; Fugl-Meyer, Wolf Motor test, and
shoulder strength tests. The results of the fourth test (Grip strength test) show a movement
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toward improvement. All the evaluation tests occurred in the real world while the training 
occurred in the virtual world.
Taken together, the results of case studies presented in this section and other studies, 
highlight the feasibility of a VR tele-rehabilitation system for hand and arm following 
stroke [Reinkensmeyer et a l, 2002], and the possibility of remote monitoring of VR 
based tele-rehabilitation without adverse effects on stroke patients’ performance [Deutsch 
et a l, 2007]. It can be concluded that tele-rehabilitation using home based VR systems 
can be valuable for different aspects of rehabilitation purposes. Moreover, it seems to 
suggest that VR does not just have potential for motor rehabilitation, but may also be 
valuable for psychological and cognitive rehabilitation.
From the discussion of the subsections in this section it can be concluded that the use of 
VR in rehabilitation applications is feasible and offer some advantages to conventional 
rehabilitation methods. For example, VR helps physiotherapists to rehabilitate patients in 
different virtual environments in less time compared to the change of the rehabilitation 
environment during conventional rehabilitation. Moreover, it enables patients to repeat 
the rehabilitation sessions with more confidence with fewer hazards. It has also been 
suggested that the potential advantages of combining conventional rehabilitation methods 
with VR can be recognised; further research is therefore needed. However, it was noted a 
disadvantage of the use of VR in some rehabilitation applications is that some patients 
experience cybersickness after the use of a VR system. Taken together, it seems that there 
are enough studies to encourage carrying out the review of the feasibility of VR based 
rehabilitation for children with CP. The next section demonstrates the literature of VR 
based LE rehabilitation for children with CP.
3.5 Virtual Rehabilitation for Children with CP
As documented in chapter one the main goal of this work was to develop and test a virtual 
rehabilitation system for children with CP and the intent of this section was to search in 
depth VR based rehabilitation systems for children with CP, specifically in LE. Therefore, 
the key question of this section was: is a VR based LE rehabilitation feasible for children 
with CP? To answer this, the following databases and search engines were used: Medline, 
PubMed, EmBase, ScinceDirect, ProQuest, EBSCOHost, and Google Scholar. A list of 
published literature was sought through the search terms “Cerebral Palsy Children” in
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combination with “Treadmill training”, “rehabilitation”, “Virtual Reality”, “gait“, 
“walking”, “Nintendo Wii”, and “physiotherapy”.
From literature search, published works were acknowledged as relevant based on search 
terms in their abstract and keywords. Relevant abstracts were therefore read, and then full 
text versions of studies which met the inclusion criteria were obtained. The inclusion 
criteria of this review were studies which include the following: children under 18 years 
old, a description of the VR system which was used in LE rehabilitation, and those 
written in English. For the purpose of this thesis, studies that did not meet the inclusion 
criteria were excluded from this review. Studies that used VR based robot rehabilitation 
were also excluded from this review as it is not clear whether children have benefited 
from VR or from the assistive technology. In total, seven LE virtual rehabilitation studies 
were finally reviewed [Barton et a l, 2006, Barton et a l, 2009, Barton et a l,  2011, 
Bryanton et a l, 2006, Cikajlo and Matjacic, 2010, Kott et a l, 2009, Sandlund et a l, 
2011].
The literature presented in the previous section has demonstrated how various VR based 
rehabilitation systems could be successfully used based on rehabilitation paradigms. For 
instance, the walking capacity of people suffering from stroke has benefited through the 
use of VR based treadmill training compared to the use of the treadmill without VR. The 
advantages of using VR in rehabilitation applications have been shown in the literature 
[Parsons et a l, 2009, Sandlund et a l, 2008, Snider et a l, 2010, Wang and Reid, 2011] of 
virtual rehabilitation for children with CP. As the goal of rehabilitation programme for 
children with CP is to improve children’s motor control, it can be concluded that VR has 
improved, for instance, outcomes of UE rehabilitation for children with CP. Prior to 
review papers in LE rehabilitation based VR, the potential benefits of VR based UE 
rehabilitation for children with CP was firstly considered. In a single subject study design 
[Chen et a l, 2007], the commercial VR system (EyeToy-Play and Playstation 2) was 
integrated into the UE rehabilitation protocol for children with CP. The study confirmed 
that a four week VR based UE rehabilitation programme helped the children to improve 
their quality of reaching behaviour during VR intervention. In like manner, the feasibility 
of VR system based UE rehabilitation at home for children with CP has also been 
reported by Golomb, Huber and their colleagues [Golomb et a l, 2011, Huber et a l,
2008]. Their VR system was integration between the PlayStation 3 system and a 5DT
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Ultra glove. The results of their published v^ork [Golomb et a/., 2011, Huber et a l, 2008] 
show that the system motivated children to repeat rehabilitation sessions which helped 
consequently the children to improve their hand function.
Clinical effects into children with CP after the use of a VR based UE rehabilitation 
system were investigated by You et a l [2005a]. In their study VR based UE rehabilitation 
has assisted children with CP to improve their functional motor skills associated with 
positive changes in their neuroplasticity. Functional Magnetic Resonance Imaging 
analysis, before the use of the virtual rehabilitation system showed that the bilateral 
primary sensorimotor cortices and ipsilateral supplementary motor area were 
predominantly activated. After VR training that lasted for an hour a day, five times a 
week for four weeks, this bilateral activation disappeared and the contralateral 
sensorimotor cortices were activated. This change was also associated with enhanced 
ability of the child to complete dressing, and self feeding tasks.
In a similar manner, the perception of using Mandala Gesture Xtreme system with three 
controlled studies [Reid, 2002a], showed that the system allowed children to practise 
within their physical ability, consequently increasing their self-efficacy compared to 
baseline test. In another study, Reid [2002b] also investigated the effectiveness of this 
system on postural control by recruiting six children with CP aged of 10 and 12 years. 
Children were randomised into an experimental group and a control group. In both groups 
children received two sessions a week over four weeks. Results of this study confirmed 
that the children who used VR system improved their postural control while those in 
control group did not show any improvement. The results show that VR based 
rehabilitation provided children with an opportunity to interact with virtual world with 
high engagement with minimum threatening to complete rehabilitation sessions
These positive influences of VR based UE rehabilitation on children with CP are 
documented in the literature [Deutsch et a l, 2008, Harris and Reid, 2005, Reid, 2004], 
when using various VR systems. As these systems promise positive effects on the UE 
rehabilitation for children with CP, VR systems have been proposed as an approach to 
motivate children during walking rehabilitation [Parsons et a l, 2009, Sandlund et a l, 
2008, Snider et a l, 2010, Wang and Reid, 2011]. However, for children with CP, an 
intriguing and challenging area of study in the VR based gait rehabilitation is the 
behaviour and the interaction of children with VR. Considerable research and controversy
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have taken place over the past few years to scrutinise effects of VR on outcomes of 
rehabilitation programmes for children with CP as documented below and in the literature 
review papers [Parsons et a l, 2009, Sandlund et a l, 2008, Snider et a l, 2010, Wang and 
Reid, 2011].
Kott et a l [2009] examined the walking performance of five children with CP after 
treadmill training with VR. The study consisted of children aged between four and 15 
years. Participants completed 10 to 12 treadmill training sessions over nine hours. 
Children walked on a non-interfaced treadmill for 5, 10, or 15 minutes to match with 
DVD times of 5, 10, or 15 minutes. The DVD contained a child’s story that included a 
princess and a dragon integrated with an element of competition used as reinforcement 
during the treadmill training. Tests on the standardised walking obstacle course and the 
items of the GMFM-88 were completed prior to the first session and immediately after 
the last session, under three conditions: walking with arms free, walking while carrying a 
tray, and walking while wearing shaded glasses. This study showed that the games 
presented to the participants encouraged children to walk for a longer period in a training 
session. The results of this pilot study show the feasibility of the gait rehabilitation for 
children with CP. Findings demonstrate that children could engage with treadmill 
rehabilitation while watching games without being immersed in them.
In a selective motor control study, Bryanton et al [2006] examined the ability of children 
with CP to engage with a VR system during selective ankle motor training. 10 CP 
children and six healthy ones were separated into two groups: the VR group and the 
conventional therapy group. Children in the VR group watched themselves being 
projected into a virtual world using a video camera and Interactive Rehabilitation and 
Exercises Systems (IREX). The results showed that there was a significant difference in 
the average of the ankle training repetition over 90 minutes session between the 
conventional therapy group and the VR group. As it was reported in the study, the VR 
group showed a better range of ankle dorsiflexion, more improved ankle movement, and 
greater enjoyment and interests during the training session than the children in the 
conventional therapy group.
Using a different approach, Cikajlo and Matjacic [2010] investigated the advantages of 
combining VR with a Biodex system 3 Dynamometer (Biodex Medical Systems, NY, 
USA) in order to deliver dynamometer training for children with CP. A 12 year old child
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with spastic diplegia completed three training days; each day, the child completed a VR 
task for maximal joint assessment and a VR task for motor control training. Performance 
in knee joint torques, and gait cycle were examined each day in order to monitor changes 
in selective joint control. The results of this case study showed improvement in the knee 
joint torque tracking, and the VR motivated the child to hit virtual targets.
This potential advantage of including VR to a rehabilitation programme has been reported 
by Sandlund et a l [2011], who investigated the feasibility of using Sony PlayStation2 as 
a four week home based intervention for children with CP. The study included 14 
children with CP who were aged between six and 16 years and had been categorised into 
I, II, or III levels of GMFCS. The children practiced with the EyeToy game for a 20 
minutes training session a day, for four weeks at their home. To assess the effectiveness 
of this rehabilitation system on the children, the Movement Assessment Battery for 
Children, kinematic analysis, Bruininks-Oseretsky Test of Motor Proficiency, and one 
minute Walk Test were used before and after the four-week intervention. The results of 
this study showed that children improved their physical activities and motor performance. 
Although one child had difficulties in coping with the games, the other children showed 
good motivation to use the system. It can be concluded that more research is needed in 
order to explore the practicality of such a system for rehabilitation prior to examining the 
effectiveness of the VR system.
The possible use of VR in rehabilitation for children with CP was also studied by Barton 
et a l [2006] who initially examined whether an in-house VR game using a multiple-task 
driven visual and somatosenory biofeedback environment. This was explored to serve as a 
training and assessment tool for core stability for children with CP. A 16 year old child 
with asymmetrical CP dipelgic and a 10 years old healthy child were recruited to test the 
VR game. To enable subjects to control the VR game, the CAREN (Computer Assisted 
Rehabilitation Environment) system was used with its motion capture system and a 
movable platform. The children were asked to stand on the platform with three markers 
that were attached on their pelvis in order to capture the pelvis movements in real-time. 
These movements used to enable the children to navigate VR environment with the aim to 
burst balloons that appeared at random positions in the VR environment. Comparisons in 
movement strategies between the child with CP and the healthy child indicate that the 
system may be used to benefit children with CP in evaluating their core stability.
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Later, Barton et a l [2009] assessed core control in four children with CP before and after 
the use of the ‘Goblin Post Office’ VR game implemented with the CAREN system. 
During the game, the children kneeled on the platform in order to control virtual dragon 
through their trunk rotation and trunk tilt, or pelvis rotation and pelvis tilt that were 
monitored by the motion capture system. The results of this pre-training study show that 
the children were able to play the game using their trunk rotation and tilt, and pelvis 
rotation. However, the children were unable to perform the task using their pelvis tilt. As 
suggested by Barton et a l [2009] this could be due to the destabilising effect of the 
body’s centre of gravity that was moved by this effect more than rotation. In a recent 
research work Barton et a l [2011] examined the effects of a six week training programme 
using the Goblin Post Office VR game in the core stability in a child with CP diplegia. 
After completing 12 training sessions, 30 minutes each, over the intervention period, 
movement control of the trunk and pelvis were improved. The studies demonstrate the 
potential benefits of VR based rehabilitation in improving the core stability in children 
with CP which consequently may be enhancing daily living activities. However, further 
clinical studies are needed to confirm these findings.
From the literature presented in this section it can be suggested that there is fair evidence 
to show the feasibility of VR based UE rehabilitation for children with CP as a 
rehabilitation tool that can be used to increase self-confidenee and motivation, which 
subsequently can improve UE function [Chen et a l, 2007, Harris and Reid, 2005, Parsons 
et a l, 2009, Reid, 2002a, Reid, 2004, Reid, 2002b]. Although, there is limited studies 
focused on investigating the feasibility of VR based LE rehabilitation, the main finding 
that can be drawn here is that VR affords children with CP with an opportunity to engage 
in their physical exercise sessions with high attention. The findings of VR based 
rehabilitation were documented by review papers of Parsons et al [2009], Sandlund et al 
[2008], Sinder et a l [2010], and Wang and Reid [2011]. These review papers suggested 
that the results of published works are encouraging, but it is still early to yield any 
concrete conclusions into the clinical feasibility of VR based rehabilitation for children 
with CP. This could be due to the fact that there is limited number of studies in VR based 
rehabilitation for children with CP and most of these studies are mostly limited to 
experimental and pilot studies. Moreover, most of the research aimed at investigating the 
effeetiveness of the VR systems; however, the practicality of used systems into
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rehabilitation was not considered. These VR systems are discussed in detail in the next 
section.
3.6 Current Virtual Reality Systems Used in Rehabilitation
There are a number of virtual rehabilitation systems that are being used with different 
rehabilitation techniques for a number of clinical conditions and disorders. Some of these 
systems are designed for rehabilitation purposes and others designed for sport or fun. 
Therefore, it is important to review these systems in order to explore whether it is 
possible to use one of them for LE rehabilitation for children with CP, or there is the 
necessity to develop another one. Virtual rehabilitation systems that used specifically for 
LE rehabilitation for children with CP are reviewed in this section.
A subject review paper completed by Galvin and Levac [2011], reviewed 14 publications 
written about VR within paediatric motor rehabilitation and described six VR systems, 
published between 1995 and December 2009. The aim of their review paper was to 
provide descriptive analysis of virtual rehabilitation systems in order to assist clinicians to 
easily understand the differences between each system. To achieve their aim, they 
developed a classification firamework according to seven categories as follows:
• Ability to manipulate therapeutically relevant variables
• Ability to track therapeutically relevant variables
• Ability to target whole body of isolated movement of UE or LE
• Ability to manipulate motor demand independent of cognitive demands
• Ability to focus on quality of movement
• UE requirements; hold/manipulate vs. direct movement
• LE requirements; independent standing vs. seated/other
From this, three VR systems are found to be designed for use in rehabilitation. These are:
the Sony PlayStation 3 system which modified to be used for UE rehabilitation [Huber et
a l, 2008]. The IREX system uses a motion sensor technology and video camera. The
system is commercially available. Lastly, the Paediatric Intensive Therapy System (PITS)
was developed for UE rehabilitation. The remaining three systems reviewed by Galvin
and Levac [2011] are not designed for rehabilitation. These are: the Nintendo Wii system,
the Sony EyeToy, and Dance Dance Revolution (DDR). Recently, the Microsoft Kinect
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sensor has been presented in scientific meetings by researchers as a possible tool for 
rehabilitation purposes. As the aim of this section was to present available technologies at 
the starting time of this work in order to develop a VR based rehabilitation system, the 
Microsoft Kinect sensor was not reviewed here because it was not an option at that time. 
The author is aware of the possibility of using this system in future and it is discussed 
further in Chapter ten.
In terms of which of these systems involve LE movements, Galvin and Levac [2011] 
documented that four systems (DDR, EyeToy, IREX, and Wii/WiiFit) that use LE 
movements; these include stepping, changing body position and movements over support. 
From these, only the IREX system is designed for rehabilitation purposes and can be used 
for LE rehabilitation such as balance rehabilitation, and hip movement. In terms of LE 
rehabilitation, the IREX system could help in increasing balance control and hip 
movements, but it may not offer an opportunity for full LE rehabilitation, such as walking 
rehabilitation, either over-ground or on a treadmill. Although the system allows users to 
interact with virtual objects, with respect to the VR definition of this work, the IREX 
system does not immerse users into a virtual world. For these reasons, it has been 
concluded that it would be difficult to use this system for full gait rehabilitation. The 
remaining three systems (EyeToy, DDR, and Wii/WiiFit) that use LE movement are not 
designed for rehabilitation and they need special technical work to offer opportunity to 
adjust physiotherapy relevant variables. The Wii console uses motion sensing technology 
that enables users to carry out the actions of their body on the screen. The main feature of 
this console is the Wii remote controller that allows users to control sport games along 
with their body movements. The EyeToy is a colour digital camera that is compatible 
with PlayStation! platform can capture users’ body movements against a stationary 
background. DDR is compatible with Nintendo’ Wii and PlayStation platforms and 
includes an electronic pressure mat that enables users to control games through their 
movements. However, the remaining two systems (PlayStation 3 and PITS) out of the six 
do not use any LE movements.
In addition to these six systems documented by Galvin and Levac [2011], only one VR 
system has been recognised from the literature of VR based LE rehabilitation. This is 
CAREN system that involves a motion capture system, a movable force platform, and VR 
projection system. The space that is required to set this system up is about 5x5x4 m.
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Although this system has been used in various stages of rehabilitation as mentioned in 
previous section, it could be difficult to consider the system for clinical use with its 
current set-up. This is because the system is expensive and special skills are required to 
set up. Therefore, as far as the researcher knows, the system is primarily used for 
laboratory research and is not extremely exist in clinical environments.
In all, it can be concluded that some of the systems do not engage fiill body movement 
which makes them rather hard to be used with LE rehabilitation. Other virtual 
rehabilitation systems mentioned in the literature of VR based rehabilitation in previous 
sections and have been developed specifically for use in rehabilitation programmes; these 
are often expensive, limiting widespread use in clinical environment and have not been 
investigated thoroughly [Snider et a l, 2010]. According to the proposed VR definition 
and the shared framework for VR mentioned above, some of these systems might not also 
be considered as VR systems because they do not provide any immersion level. Another 
concern has been suggested is that there is a lack of information about communication 
between engineers and clinicians during the development process of virtual rehabilitation 
systems. This is important aspect of designing a relevant VR based rehabilitation systems 
for motor learning. It is hence important to develop a strategy of developing a VR based 
gait rehabilitation system.
3.7 Discussions and Conclusions
Since the 1990s interest in VR for rehabilitation has grown as it offers three cornerstones 
of rehabilitation. These are repetition, motivation, and feedback. Various rehabilitation 
methods have been integrated successfully into VR such as in motor rehabilitation for 
stroke patients, in restoring memory function for them, and in improving cognitive and 
UE function for people with CP [Holden, 2005, Rose et a l, 2005]. Throughout the studies 
presented in this chapter, it can be suggested that VR technology has shown potential for 
positive impact on a number of rehabilitation procedures for stroke patients. As a result of 
this, researchers have been encouraged to investigate the possibility of using VR 
technology in other rehabilitation methods and patient groups.
Literature often focuses on the benefits of virtual rehabilitation while the procedures that 
were used were unclear; therefore, further work is needed. For example, motivation has 
been reported as an important element for the success of the rehabilitation procedure and 
it can be obtained when using the VR in rehabilitation. However, the procedure that was
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used to measure patient’s motivation is vague. There is also limited indication in the 
literature into the side effects of the VR technology on patients.
When it comes to VR applications in motor rehabilitation of children with CP, although 
the research area is growing, the number of studies and their design are still limited. 
However, the potential benefits of using VR based rehabilitation within CP population 
have been documented by a limited number of studies [Barton et a l,  2006, Barton et a l, 
2009, Barton et a/., 2011, Bryanton et a l, 2006, Chen et a l, 2007, Colomb et a/., 2011, 
Harris and Reid, 2005, Kott et a l, 2009, Reid, 2004, Sandlund et a l, 2011, You et a l, 
2005b]. The results of the literature review on virtual rehabilitation for children with CP 
have also suggested that virtual rehabilitation may improve their motor capacity. In this 
context, it must be remembered that VR is a tool not a rehabilitation method that can be 
occupied in itself [Holden, 2005]. To be successful, further research needs to be done into 
applications in the CP population. For example, research to investigate the effect of VR 
into gait rehabilitation for children with CP would be useful. At the present time, 
information available indicates that there is no study testing the potential benefits of the 
full- or semi- immersive VR system for children with CP during gait rehabilitation.
Further research is needed to investigate whether the potential benefits of this new 
rehabilitation tool for patients during gait rehabilitation depends on symptoms or both 
symptoms and a simpler approach to virtual rehabilitation. More research is also needed 
to define how a VR system affects children with CP in improving their motor capacity.
Given that VR based rehabilitation shows positive effects on the clinical outcomes in 
most rehabilitation methods discussed in this chapter, however, there are a number of 
challenges in limiting widespread of VR systems based LE rehabilitation. These 
challenges concerning clinical utility of VR systems and cost of those designed for LE 
rehabilitation such as the CAREN system. It is also clear that work has been done to 
investigate a number of VR systems in rehabilitation, but it tended to focus on potential 
effects on clinical outcomes rather than the clinical utility of these systems. It would 
therefore be rather emphasised that further research is needed to propose a strategy of 
designing a suitable VR based rehabilitation system. There is a need to involve patients 
and clinicians in the technical development process of a VR based rehabilitation system in 
order to ensure fitness for purpose. For these reasons, a framework for developing a VR 
system for rehabilitation purposes should firstly be considered in which to provide a
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design method for rehabilitation systems. The work presented in this thesis focuses on 
developing a VR system based on a framework that is presented in the next chapter. 
Involving patients and a clinical team during the development process was also 
highlighted in chapter four.
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Chapter 4 
4 Development Framework
4.1 Introduction to Chapter 4
The relevant literature relating to VR based rehabilitation for children with CP was 
documented in the previous chapter. From the literature, it was noted that most VR 
systems used in rehabilitation have not been designed specifically for that purpose. This 
might be due to the lack of communication between clinical engineers and 
physiotherapists in the course of making decision on the use of a VR system for 
rehabilitation. It has also been noticed that there are no valid guidelines that can be 
followed in developing VR system based rehabilitation. As a result of these concerns, it 
has been suggested that there is a need for a strategy to develop a VR system for 
rehabilitation. With this in mind, a key concern of this work is the successful 
development of a VR system for gait rehabilitation. This cannot, however, be achieved 
without addressing issues such as implementation the demands of a VR system in terms 
of its performance and hardware, and perception and associated psychological concerns.
The intent of this chapter is to provide an overview of the philosophy of developing a VR 
based rehabilitation. The chapter therefore begins by discussing the importance of human 
factors in VR and their influence on VR usability. The chapter also defines the term 
“practicality” as used in the overall aim of this research. The framework used for 
developing a VR system for gait rehabilitation is provided in this chapter.
4.2 Human Factors in Virtual Reality
Human performance efficacy in virtual environments can be influenced by various 
aspects relating to user characteristics, virtual environment characteristics, and tasks to be 
performed [Stanney et a l, 1998]. Lampton et a l [1994] have noted that the performance 
of individuals varies significantly. For examples, individuals have differences in aptitudes 
in spatial orientation and visualisation, and motor and verbal ability, which can all affect 
performance in a virtual environment. Individuals are also different in terms of perception 
and in susceptibility to side effects [Stanney et a l, 1998]. For instance, if stereoscopic 
images are presented to users, it is important to adjust the images based on the users’ 
Inter-pupillary distance in order to improve sense of presence; if this distance has not
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been considered appropriately, symptoms such as eyestrain, dizziness, and nausea will be 
more likely to affect individuals.
Other factors that influence human performance in a virtual environment relate to its 
design. The control level to navigate in and the movement speed of a virtual environment, 
for example, can affect human performance. Navigation and orientation within a virtual 
environment are important considerations, because they also play the key roles of helping 
users to perform tasks efficiently in a virtual environment [Barrett, 2004, Gaunet et a l, 
1998, Howarth PA and M., 1999]. If these factors are not considered during a VR 
development stage, the amount of sickness experienced during and after using a VR 
system can be increased [Barrett, 2004, Stanney et a l, 1998]. Nature of VR tasks should 
also be considered during the design of a VR system in order to minimise side effects 
during and after performing a VR task. These side effects include not just of what 
mentioned earlier in this section but also those, for example, headache, pallor, and 
vomiting. Hence, it is important to understand which VR tasks are more appropriate to be 
used to comprehend the relationship between VR tasks features (for which task natures of 
benefit can be got by using VR ) and the corresponding virtual environment features 
(such as stereoscopic 3D system, real-time interaction, and immersion level) [Stanney et 
a l, 1998].
Throughout the literature [Barrett, 2004, Costello, 1997, Gaunet et a l, 1998, Howarth PA 
and M., 1999, Stanney et a l, 1998] it has been suggested that considering users 
performance in virtual environments is a fundamental step in developing an effective VR 
system. Equally it is important to ensure the health and safety (that are considered core 
element of the human factors) of users within virtual environments. If the human factors 
in VR systems are ignored, they could cause discomfort, harm, or injury to users [Stanney 
et a l, 1998]. There are a number of health and safety issues which could affect users of 
VR systems. These concerns are documented by Stanny et a l [1998] who have separated 
them into direct and indirect issues. The direct effects were classified into:
• A microscopic level that could affect the tissues of VR users; such as some VR 
systems use tracking devices that are designed based on electromagnetic field 
which can affect the central nervous system if the exposure is sufficiently intense 
or prolonged. Another example is that the eyestrain could be experienced as a 
result of wearing an HMD or other visual displays which need the eyes to be close
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to them [Costello, 1997, Stanney et a l, 1998]. This can be minimised by 
considering, but not limited to, the correct Inter-pupillary distance and contrast 
quality during the design of a VR system.
• A macroscopic level that could result in physical injury or trauma for VR users. 
An example of the macroscopic effects is that users may fall due to the fact that 
some VR equipment, for instance, HMD needs complex interfacing with body 
movements, which limited rounding while wearing it.
The direct effects are often associated with motion sickness (cybersickness) [Stanney et 
a l, 1998] that can be experienced due to poor consideration for the human performance 
factors during the design of a VR system. Cybersickness, for example, may cause postural 
sway and raise the hazard of falling [Stanney et a l, 1998]. Indirect effects are mainly 
psychological, which could affect users behaviour in community [Stanney et a l, 1998]. 
For example, users who are involved in what look like harmless violence in virtual 
environment may become less aware to their violent virtual actions which resulting them 
to copy that behaviour for their real world. Stanney et a l [1998] stated that ''virtual 
interaction can engender addiction and subtly condition violence'\ Nevertheless, the most 
concern in safety and health issues is the side effects of cybersickness; which poses a 
serious threat to VR system usability [Stanney et a l, 1998] if it is not considered at the 
development stage. Symptoms that could be experienced include: headache, blurred 
vision, pallor, eye strain, sweating, fullness of stomach, nausea, vomiting, and/or 
disorientation [Joseph J. and Jr, 2000]. These symptoms are related to potential aspects of 
VR system, and associated virtual environments. For example, poor calibration and time 
lags due to a slow frame rate cannot make users feel the virtual world moves with their 
neutral movements, which can cause cybersickness. Johnson [2005] has reported that 
about 60% of flight instructors experienced simulator sickness symptoms after using 
simulator based helicopter training. However, whereas it is recognised that users could 
acclimatise to a VR system experiences and begin to be less affected after a while [Held 
and Durlach, 1991], the first experience of users might affect their motivation for further 
use of that VR system. As part of the development process of a VR system, it is important 
to ensure that it is a “practical” -user-friendly- before allowing users to interact with a 
virtual world.
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4.3 Practicality
VR is often described as a method to overcome complications of Human Computer 
Interaction (HCI) [Gobbetti and Scateni, 1999]. This has led some researchers to explain 
VR as the natural evolutionary outcome in the development of HCI [Gobbetti and 
Scateni, 1999]; establishing usable VR systems, however, is considered to be complicated 
[Stanney et a l, 1998], due to the lack of available methods to evaluate the effectiveness 
of VR systems. Although there are established methods for assessing the usability of 
conventional HCI, they are not directly appropriate for evaluating a VR system due to its 
different interface attributes and VR human factor issues that are discussed in previous 
section [Kalawsky, 1999]. Current usability techniques do not take these issues into 
account [Kalawsky, 1999, Neale and Nichols, 2001, Willans et a l, 2001].
Few methods have thus been developed for evaluating VR usability [Bowman et a l, 
2002], but they are often used to evaluate a VR system after the decision has been taken 
to develop it and associated environments, not on deciding whether the VR system is the 
right option for the application. For the purpose of this work, therefore, the “practicality” 
term has been adapted from the usability term as will be mentioned in the next subsection.
4.3.1 Overview of Usability
The core element of evaluating functionality of HCI is usability [Lowgren, 1995] that is 
often used to measure whether the system enables users to complete specified tasks 
effectively and efficiently. To complete tasks effectively and efficiently, the system 
functionality to users should be ease of use, easy to leam, satisfactory, and infallible in 
use [Lindgaard, 1994]. The main reference in usability definition is the current ISO 
(9241-11) [Bevan, 2001] definition which states that usability is "the extent to which a 
product can be used by specified users to achieve specified goals with effectiveness, 
efficiency and satisfaction in a specified context o f  use'' The ISO standard defines 
effectiveness as "accuracy and completeness with which users achieve specified goals", 
while the efficiency as "resources expended in relation to the accuracy and completeness 
with which users achieve goals", and the satisfaction as "a freedom from discomfort, and 
positive attitudes towards the use o f the product" [Bevan, 2001]. Although ISO standard 
definition is usually used as the main reference, researchers still define usability based on 
their applications. For example, Nielsen [2003] defined usability as "a quality attribute 
that assesses how easy user interfaces are to use. It also refers to methods fo r  improving
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ease-of-use during the design process". Nielsen separated the usability into the following 
five main components:
• Leamability: How easy is it for users to accomplish basic tasks the first time 
they encounter the design?
• Efficiency: Once users have learned the design, how quickly can they perform 
tasks?
• Memorability: When users return to the design after a period of not using it, 
how easily can they re-establish proficiency?
• Errors: How many errors do users make, how severe are these errors, and how 
easily can they recover from the errors?
• Satisfaction: How pleasant is it to use the design?
Compared to the ISO definition, Nielsen’s definition focuses on ease of use, but the 
components described by Nielsen are valuable assessments though the impact of each one 
is based on the expected use of the evaluation method. For example, the time it takes for a 
skilled user to complete a task in software designed for a human resource management is 
more important than leamability or satisfaction. It can thus be suggested that one 
component can be more important than other based on the application and/or system that 
needs to be evaluated. In conclusion, Nielsen’s and ISO definitions of usability have led 
one to suggest that there are common concepts in usability. These concepts are mainly 
based on ease of use of that system. This understanding was encouraged, for instance, by 
Pinelle et al. [2008] who defined usability in computer games as the degree to which a 
player is able to leam, control, and understand a game. Aspects of these usability 
definitions mentioned above are not taken into account other important elements that are 
considered essential in VR systems. These elements include how the system fits with the 
different equipment that needs some movements in the physical world, and utility of the 
system. Utility can be used to refer to how the system performs in particular situations. 
Accordingly, the usability term of a VR system can be used to measure the level of the 
practicality of the system based on its quality of being suitable to enable users to control 
the virtual environment. For the purpose of this work, the term ‘practicality’ has been 
adapted based on usability definitions by Nielsen [2003] and ISO standard to refer to
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satisfaction, safety, comfortability, and rehabilitation utility. The suggested definition of 
each practicality component is as follows:
• Satisfaction used to measure how enjoyable is it to use the system
• Comfortability refers to measure how easy is it for patients to complete tasks, 
once they have learned the system
• Safety refers to measure how safe it is to use the equipment and what side effects 
are there when using the system
• Utility is used to measure to what extent the selected scenarios will benefit the 
rehabilitation of patients effectively
Evaluation is the fundamental step of assessment and testing of the system performance 
and effectiveness. The evaluation is important in terms of understating how users interact 
with virtual environments, which will lead one to examine utility of that VR system. It is 
also an essential step in the development process in order to deliver an effective system 
[Holzinger, 2005, Lindgaard, 1994]. User centred design evaluations is one of most 
common design philosophies that aimed at involving users in the centre of design process 
[Scholtz, 2004]. Although there are a number of well established evaluation methods 
available in HCI field, there are several limitations of using them to evaluate usability of 
VR systems. The limitations are based on the nature difference between 2D graphie 
system and VR in terms of level use of physical environment that is required in both 
systems [Bowman et a l, 2002]. For example, to use VR applications users may be 
required to stand in order to perform tasks rather than sitting as that is often required 
when using conventional 2D desktop applications. Traditional 2D applications need 
typical input devices such as a keyboard and a mouse, but most VR applications require 
multi inputs which may need some movements using whole body in the physical space.
Evaluation of VR systems will also show whether the system carries out as it was 
intended, and its performance is at an adequate level. VR system evaluation often assists 
in highlighting strengths and weakness of that system, such as, health and safety, and 
suitability of the system for particular users [Bowman et a l, 2002, Bowman et a l,  1999, 
Kalawsky, 1993]. Researchers have therefore developed a number of evaluation methods 
and approaches that could be approached to evaluate VR usability [Bowman et a l,  2002, 
Kalawsky, 1999]. Evaluation methods refer to specific steps that can often be used in the
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system evaluation. While evaluation approaches, on the other hand, refer to a combination 
of methods that can be used in a particular sequence to evaluate the system.
Two VR usability evaluation approaches were reviewed by Bowman et a l [2002]. The 
first is the Testbed evaluation approach that refers to sets of evaluation methods which 
could be used to examine each features interaction technique for 3D tasks. It follows a 
number of formal experiments with a primary independent variable (e.g. an interaction 
device) and several external factors (e.g. users characteristic, task, environment, and 
system) that may have an impact on the performance of the VR system. The approach 
often requires a large number of participants in order to produce quantitative and 
statistical results. Its experiment is therefore formal, factorial, and experimental design. 
The results produced from Testbed evaluation approach can often be generalised into 
guidelines on what interaction technique is suitable in a specific situation. It is, however, 
a time consuming, more difficult and costly approach to be implemented, and requires 
many experimental subjects.
The second is sequential evaluation approach that involves a set of evaluation methods 
run in sequence. It includes user task analysis, heuristic evaluation method, formative 
evaluation, and summative evaluation. The user task analysis and heuristic evaluation 
method are essential due to their importance to impact on the nature of tasks users that 
will be performed during formative and summative evaluations. Formative evaluation 
typically focuses on qualitative results that are produced based on, for example, user 
feedback in form of verbal dissuasion, critical incidents, and user behaviour during the 
experiment. Summative evaluation is focusing on qualitative results as in the formative 
evaluation, as well as on quantitative data such as time to complete the task, and number 
of errors. The sequential approach is often numerous iterations in each evaluation stage 
based on the nature of the system that is being tested. Although the approach seems a cost 
effective to assign the design and evaluation of user interfaces, it is demanding in terms of 
time and resources required to carry out the evaluation.
Kalawsky [1999] developed VRUSE method to measure the usability of VR systems. 
VRUSE is a questionnaire form that was adapted from MUSiC fi-amework for 2D 
usability evaluation. VRUSE was designed based on a ten-category questionnaire in order 
to measure the usability of a VR system in relation to the attitude and perception of its
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users. The questions are mainly designed to pinpoint users’ opinions of the interfaces, not 
at providing practical direction how to improve that VR interface.
The methods discussed above are not primarily different from the usability evaluation 
approaches for 2D applications. All these methods were developed to evaluate VR 
systems after the decision was taken into VR development, not to decide whether the 
system is the right option for the application. When it comes to most VR based 
rehabilitation systems mentioned in the previous chapter, the evaluation step of, 
particularly, interaction between patients and virtual environments has not been reported 
in detail. It is therefore important to consider a strategy that can include evaluation of the 
quality of VR system being suitable for rehabilitation as part of decision making and 
development process. Based on the methods discussed in this subsection and 2D usability 
evaluation methods [Lindgaard, 1994], the practicality evaluation for the purpose of this 
work has been identified. The approach will be based on gathering perspectives of 
different users throughout the development stages as will be discussed in the next section. 
This will involve discussions with a clinical team and use questionnaires and short open 
discussion in order to obtain feedback from young able-bodied adults, children and their 
parent/guardian, physiotherapists and/or clinical scientists on the developed system and 
help in consulting functional system expectation. The main method used in this thesis to 
evaluate the practicality was based on the responses to closed-ended questionnaire and 
field observation. This has been chosen because it is easy to answer and analyse which 
assist in making immediate clarifications from users if it is required.
4.4 Rationale for this Research Work
As documented in chapter three, VR has been developing rapidly as a rehabilitation tool 
for various clinical conditions. In the past few years, the effectiveness of non-immersive 
VR rehabilitation systems has been explored among children with CP. However, there are 
some issues which have to be addressed before considering VR based rehabilitation as a 
regular tool within a clinic. The first issue relates to the practicality of the virtual 
rehabilitation systems. For example, most of the studies mentioned in the literature 
explored the feasibility of achieving clinical benefits after using virtual rehabilitation 
systems rather than investigating the usability of these systems as discussed in previous 
section. Even those which explored the usability of virtual rehabilitation systems used an 
evaluation approach for 2D graphic user interfaces. As an example of this, Cameirao et al
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[2010] assessed the usability of their virtual rehabilitation system by focusing on general 
aspects relating only to games rather than considering the technical side. In another issue 
that relates to the practicality, although clinicians agreed that a virtual rehabilitation 
system would benefit patients [Edmans et a l, 2004, Sveistrup, 2004], introducing and 
setting up the virtual rehabilitation system may take longer than completing conventional 
rehabilitation tasks. For these reasons and those mentioned earlier in this chapter, there is 
a need to develop a strategy to evaluate/ensure the practicality of a virtual rehabilitation 
system for clinical use.
The second issue relates to benefits of VR systems in rehabilitation techniques. As 
documented in the previous chapter, enhancing patients motivation during rehabilitation 
sessions is the main potential advantage of using VR based rehabilitation [Holden, 2005, 
Rizzo et a l, 2004]. Although this advantage has been reported as a positive result of 
using immersive and/or non-immersive VR systems in various rehabilitation programmes, 
the variety of VR systems make it difficult to understand this advantage in rehabilitation 
programmes. This might be due to the fact that research is yet to be conducted into the 
extent to which users were satisfied to perform rehabilitation tasks based on immersive 
VR. For instance, it is unclear whether users had completed their rehabilitation sessions 
because they had been asked to complete them or because the VR has encouraged them to 
do so. These issues make positive findings from the literature of VR based rehabilitation 
questionable. It is also unclear whether VR can be used in clinic safely and conveniently 
or it has some side effects.
The main questions which could be raised in this context therefore, are:
• How can researchers develop a VR based rehabilitation system for appropriate 
routine clinical use?
• How can the practicality of the system be evaluated?
To answer these questions and to address the concerns documented above, this research 
has started to define a strategy of designing and evaluating the practicality of a VR 
system, designed for gait rehabilitation.
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4.4.1 Approach at Surrey
The literature presented in the previous section highlights usability techniques for 
evaluating 2D or VR systems through assessment of user perspectives. It is important to 
keep in mind these techniques are intended to be used after the development process has 
been completed not on the decision if the system is practical for that application. These 
techniques, however, offer questionnaires that could be used to evaluate the usability of 
the system during development. For the work presented in this thesis, a strategy 
considering the evaluation a VR system for LE rehabilitation during its development was 
proposed following the relevant concepts of gathering user perspectives on the VR and 
HCI usability methods that were discussed in this chapter. The process that has been used 
in the proposed strategy follows five main steps as illustrated in Figure 4.1 :
A. Definition of the clinical problem(s) through literature review and discussion with 
clinicians
B. Definition of the engineering approach including decision making of which VR 
system and its requirements
C. Evaluation of the performance of the VR system by recruiting healthy adults
D. Pilot system evaluation in the clinical environment
E. Analysis of preliminary results and discussion of them with clinicians followed by 
further engineering changes and clinical trial.
The first step focused on understanding the CP condition and the treatments aimed at 
improving the quality of life of children who have the condition. Then, it focused on 
identifying area of concerns in the literature of rehabilitation for children with CP, as 
documented in chapter two. The other important part of this step was to understand 
general rehabilitation requirements.
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Define clinic problem; including literature review and 
discussion with clinicians
Define engineering m ethod; defining VR system  and its 
requirem ents
Is th e  system  com patib le  
with th e  clinical prob lem ? 
Through review  B with 
clinicians
Evaluate th e  perform ance of VR system by recruiting 
young adults
Engineering modifications 
are  essential
Following D, is th e  system  
ready  to  be ev a lu a ted  in 
clinic?
Pilot system evaluation in clinic involving clinicians, 
p a ren ts/carers , and children with CP
Analyse prelim inary results and discuss them  with  
clinicians for fu rther recom m endations.
Do th e s e  
reco m m en d a tio n s  need  
fu rth e r  w ork  in th e  VR 
design stag e?
M ore extensive clinical 
trials
Figure 4.1: A flowchart o f  the strategy used to design the SVRS
The author participated in a practical rehabilitation day that was organised with the 
Physiotherapy Department at the Royal Surrey County Hospital, Guildford on 18^ "^  
November 2008. Through the observation and discussions with four physiotherapists on 
that day, three main challenges were raised. These are: patients do not spend enough time
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during rehabilitation sessions and this could as a result delay their discharge from 
hospital; depression and distress in patients might have resulted from delayed discharge; 
rehabilitation should be started early, but specialist staff numbers/patient ratio was too 
low (there were only one physiotherapist and an assistant to serve around 30 patients). In 
addition to this, it was noted that physiotherapists tried to motivate patients to repeat and 
continue into the rehabilitation exercise by using verbal feedback. For example, ''you can 
do i f \  "you are almost there'\ "well done, one more please'\ and "you are doing 
brilliant, please do not give up'\ This kind of motivation is also repetitive for 
physiotherapists, which might make them get bored with repeating words at every 
session. Patients could also lose trust in their physiotherapists due to this repetition with 
slow progress on their motor function.
In order to obtain more specific details on clinical research needs, in conjunction with a 
clinical team at Queen Mary’s Hospital (QMH), the author reviewed the clinical problems 
that are related to children with CP and gait rehabilitation methods. Clarification of the 
two main goals of rehabilitation of children with CP was achieved during the discussions 
with the clinical team at QMH. These goals are to improve muscle strength and control of 
movements. Children with CP therefore need to complete many physical movements 
which could be influenced through activity based around the children’s daily routine. It 
was also noted that it is important to involve parents/guardians in order to make a 
rehabilitation plan. To achieve these, the following suggestions were made; to develop a 
rehabilitation tool that could help children to be enough motivated to perform many 
rehabilitation sessions. There should also be useful tools at the disposal of 
physiotherapists in order to help them finding out about the limits of children’s capability 
relating to motor issues.
VR based rehabilitation as an option, was discussed and suggested as a tool that could 
benefit rehabilitation for children with CP and which is theoretically applicable. The 
literature of VR based rehabilitation was therefore reviewed as documented in chapter 
three and discussed with the clinical team at QMH. As a result of this, the author has 
defined the second step that focuses on identifying the engineering approach of designing 
a VR based gait rehabilitation system for children with CP. Initially, possibility of using 
VR in gait rehabilitation was identified by reviewing the literature of VR based LE 
rehabilitation as documented in chapter three. The findings of this review were then
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discussed with the clinical team in order to make the decision of the possibility to use VR 
in gait rehabilitation for children with CP. As a result of this, the SVRS -a passive stereo, 
semi immersive system- has been developed as will be discussed in chapter five.
The author then demonstrated the SVRS to clinicians at QMH in order to obtain their 
opinions prior to evaluating the SVRS by recruiting young able-bodied adults. Some 
modifications were made based on the discussion with the clinical team, followed by a 
demonstration of the SVRS to the team. As a result, the third step focused on evaluating 
the overall performance of the SVRS as will be explained in chapter six. Results of the 
study mentioned in chapter six, together with general feedback from the volunteers helped 
the author with the clinical team to decide whether the SVRS system was ready to be 
evaluated in a clinical environment or if engineering modifications were required. The 
fourth step focused on investigating the practicality of the SVRS by recruiting children 
with CP, a physiotherapist, and professional able-bodied as will be discussed in chapter 
seven. Once the initial trial with volunteers begun, the core focus of the evaluation was 
directed at: satisfaction (how enjoyable it is to use the SVRS); comfort (how easy it is for 
children to complete tasks, once they have learned to use the system); safety; and to some 
extent utility (is it considered that the selected scenarios will benefit the gait rehabilitation 
of children with CP effectively). The analysis consisted of questionnaires, semi-structured 
interviews, and visual observation, involving the children, their parents/carers, and their 
physiotherapists.
It was accepted that the results of this evaluation will then lead to the identification of 
further engineering modifications if necessary, followed by detailed plans for 
investigating the clinical effectiveness of the SVRS as documented in chapter nine.
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Chapter 5 
5 Design of the Surrey Virtual Rehabilitation 
System
5.1 Introduction
Various VR systems have been used by researchers. These are passive and active stereo, 
and anaglyph immersive and non-immersive systems. Full-immersive systems are used to 
enable users to be fully immersed in a virtual vs?orld to the extent that they are isolated 
from the real world. As discussed in previous chapters, cost, health, and safety are the 
major limitations of a full-immersive system in rehabilitation applications. Although the 
results of using these systems are encouraging, the practicality of them for LE 
rehabilitation is questionable. An approach which has been discussed in chapter four with 
the intention of minimising these limitations is to consider a passive stereo semi- 
immersive system; this has accordingly been developed by the author.
The development process of the SVRS has been outlined in chapter four. The aim of this 
chapter is to provide a detailed description of the work undertaken in developing the 
SVRS. The chapter begins by presenting the main approaches used in choosing the 
SVRS’ hardware and software. The set-up of the SVRS and its VR scenarios are also 
presented in this chapter.
5.2 Conceptual Development of the Surrey Virtual Rehabilitation 
System
5.2.1 Development Brief
As outlined in previous chapters, there are some parameters that should be considered in 
order to develop a VR based LE rehabilitation system. These parameters are:
• Maximisation of patients’ comfort and safety during gait rehabilitation
• Minimisation of maintenance required and clinical staff exertion/effort
• Adaptability to other clinical needs
• Need for compact, light, clean, and safe interface
• Ability to design a new VR scenario within a few days
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• Support for a wide range of input and output devices
In the light of the above parameters, the following objectives for developing the SVRS as 
a LE rehabilitation system for children with CP have been identified:
• To allow children with CP to perform treadmill training
• To encourage children with CP to attend their rehabilitation sessions
• To enable children with CP not to focus on the required movements
• To help children with CP to perform multiple tasks
• To enhance rehabilitation programmes
Together the parameters and objectives outlined above have led to facilitate the SVRS 
development based on the following two categories:
1. Output category, which includes the main equipment that is used to produce 3D 
images
2. Input devices that are used to enable users to interact with a virtual world such as 
data glove and tracking systems
5.2.2 Approach to Developing the SVRS
Further to the development brief, the following steps were undertaken in this phase of the 
research work in order to develop the SVRS:
• Search for commercial VR systems and existing research designs for a possible 
VR system
• Open discussions with companies specialised in VR
• Evaluation of the possible solutions and choice of the preferable solution
• Development and testing of the SVRS 
Existim VR systems
The search for existing VR systems and their suitability for rehabilitation use started with 
the review of the literature as documented in chapters three and four. The advantages and 
limitations of these systems were also reported in chapter three. It was believed that the 
CAREN system can be modified to be a semi-immersive VR based LE rehabilitation 
system for children with CP. Motek Medical was therefore firstly approached in order to
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provide a quotation on their regular configurations of LE rehabilitation systems. A 
quotation of two systems was provided as shown in Table 5.1. These systems are: the 
CAREN system that consists of electrical 6D0F motion base, visual projection system, 
and its software suite; and V-Gait system that generally comprise an instrumented dual­
belt treadmill, projection system, and the CAREN software suite. The detailed description 
received from MOTEK has been attached with this thesis in appendix B. The cost of 
either system provided by MOTEK was more than the budget available (was about 
£10,000), it was decided to not consider them for the purpose of the work presented in 
this thesis. A part of the CAREN system most of systems outlined in chapter three have 
not been developed for rehabilitation but it was believed that some of them could be 
adapted for rehabilitation use. Therefore it was decided to contact world-leading 
companies specialised in developing VR systems.
Table 5.1 : Quotation of rehabilitation systems from MOTEK Medical bv. Received in December 2008
CAREN SYSTEM V-GAIT SYSTEM
Hardware
Electric 6 DDF motion base with 1,000 kg payload
3 m diameter platform top with instrumented dual belt-
treadmill
180° cylindrical screen, 05 m 
3 projector high-end projection system 
High-end surround sound system
Instrumented dual belt treadm ill 
Flat screen, 2.5 m wide
2 projector high-end stereo projection system 70 + 
marge
High-end surround sound system  
System control hardware
Software ?
• CAREN real-time control software
• CAREN editor
• CAREN module suite
• Application package with virtual environments
HBM software module
Client Soecific Intearation
• Client specific engineering
• Installation on site
• Training on site
Cost
€645,000; was about £516,000 €400,000; was about £320,000
Discussions with companies specialised in VR
Before opening discussions with companies, two main questions arose:
• Will the company be able to provide a VR system that meets the parameters and 
objectives of developing the SVRS (mentioned in subsection 5.2.1)?
• Will the company be able to develop the SVRS at reasonable cost?
Three world-leading companies (Inition, Virtalis, and WorldViz) specialised in 
developing VR systems were approached either by phone or e-mail and they were kindly 
asked to provide quotations for developing the SVRS. The three companies provided
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quotations or discussed their offer on the phone. In general, the cost was expensive as the 
range was between £30,000 and £47,000; it was quoted in 2008^ for equipment that is 
used only to produce and control 3D objects. The quotations and offers were discussed 
with the academic supervisors. Following the review with the academic supervisors, three 
main concerns were identified. The first was that the cost of these systems would be 
difficult to fit into a clinical budget. For instance, the computer system and duality 
projectors, (both are considered as the core components of producing at the time 3D VR 
environments) would cost £3,300, and £10,000, respectively. The second was that these 
systems were not being provided as suitable directly for LE rehabilitation systems. The 
last was that technologies provided by these companies to enable users to interact with 
virtual world were also expensive and needed more modifications to meet the aim of 
developing the SVRS. For example, a combination system of mechanical (cyberglove II- 
22 sensor) and motion capture system (OptiTrack) was offered at a total cost of £25,000 
(see Appendix B).
Decision makins o f develovins the SVRS
In view of these offers and prior to making the decision, a review of the literature 
[Clibum, 2004, Clibum, 2008, Gil et a l, 2007] for developing low cost VR systems was 
undertaken. Accordingly, the initial idea of developing the SVRS was based on:
• The use of the existing facilities in order to enable users interact with virtual 
world, which are :
o A PPS Wood Way treadmill (WoodWay, Germany)
o Qualisys motion capture system (Qualisys AB, Sweden) that uses eight 
ProRefiex cameras
• The use of standard projectors those are often available at any clinic for 
presentation purposes, which could reduce the cost of presenting 3D VR 
environments
The idea was firstly discussed with the academic supervisors and clinicians prior to 
making any contact with the companies. Discussions were consequently carried out with
 ^See Appendix B that shows a quotation received in 2008. It also presents two quotations of developing the 
SVRS based on standard projectors
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these companies in order to get their offers in developing the proposed SVRS, based on 
the idea outlined in the previous paragraph. In spite of these discussions, companies were 
unable to drop the total cost to what was considerable to be a reasonable price for a 
clinical rehabilitation budget. For example, the minimum total cost of a quotation for only 
two projectors and their set-up was about £4,200. As this cost did not include VR 
software, computer, a 3D screen, and integration of existing facility with the proposed VR 
components, it was therefore decided to develop the SVRS in the Gait Laboratory at the 
University of Surrey, following guidelines from Clibum who established and examined 
the effectiveness of low-cost VR systems at the University of the Pacific and Hanover 
College [Clibum, 2004, Clibum, 2008].
To start the local development of the SVRS, the following components (some of them can 
be seen in Figure 5.1) were selected and purchased to present and compile 3D VR 
environments:
• A personal computer (PC) that uses an Intel (R) Core(TM) 2 Duo CPU E8500 at 
3.166Hz, and NVIDIA Quardro FX 570 graphics card miming Windows XP SP3. 
This computer cost was £1,500 in 2008
• A pair of InFocus IN2104 DLP XGA2500 Lumens projectors that display the 
right and left images onto the screen. Both were cost £950 in 2008
• A pair of circular passive polarising filters (150 mm^) mounted in order to polarize 
the two images differently. The cost of this pair was £100 in 2009
• A rear projection screen (4.00 x 3.00 metres RP3D cut square that is mounted on 
an Easi-Rect Folding Frame, Harkness Screens Intemational LTD, UK ). The cost 
of the screen was £330 and its folding frame was £770, both were quoted in 2009
• Passive polarized glasses to deliver the proper view to each eye. The cost was 
£8.00 each in 2009
The total cost of the above components was £3682.0 which enabled to save £518.0 from 
the minimum quotation which was only for projectors.
The set-up and the tests of using these components in producing 3D images were carried 
out as will be explained in section 5.3. After making sure the setup successfully produced 
3D images, it also was necessary to investigate a number of VR software packages. The
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main question that was raised was: which VR software package should be used? The 
answer to this question was not easy as had been imagined. To choose appropriate 
software for the SVRS, it was important to ask the following questions:
• What hardware does it support?
• Is it possible to develop a plug-in for unsupported hardware?
• Does the software package have its own modellers or, should 3D models be 
designed by using other 3D modellers?
• What are the import features of a software package?
• How much do the licences cost and what are their conditions?
• Will the software package continue working even if the company goes bankrupt?
Figure 5.1: The main components of the SVR system. A: a pair of projectors; B: a passive polarized glasses; 
C: a pair of circular passive polarising filters, and D: a locally developed projector stand
In the beginning, a number of software packages were selected through literature and 
search engines. Then, companies (Eon Reality, MetaVR, Vizard and Virtools) were 
contacted in order to obtain more information on technical description and licensing. 
Table 5.2 shows a summary of quick review to these software packages; it seems these 
enable users to write plug-in modules in a high level programming language, which 
means there will be no difficulties in using any of them to write a plug-in module for 
existing equipment. Taking this and the questions discussed earlier in this chapter into 
account, it was decided to drop the most expensive (above $5,000), license conditions
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(such as license should be bought for different applications in order to enable the software 
to compile a VR scenario), and unclear continuation status. Vizard and Virtools were 
therefore the software packages considered for the use of the SVRS. The trial versions of 
two VR software packages were installed and tested. The first software package was 
Virtools [3DS, 2011], a 3D software package released in 1993. It consists of a number of 
modules that are used in creating 3D real-time applications. It does support a number of 
VR hardware and tracking systems. It offers the option to users to write their own plug-in 
modules in C++. After using the trial version of this software, it has been concluded that 
it offers a flexible option to modify and test VR scenes in real-time.
The second software package was Vizard that is briefly explained in the next subsection. 
After testing both software packages and reviewing a number of other VR software 
packages, it was quite difficult to decide on which one to use in the SVRS development. 
After considerable review and discussion with developer companies, it was decided to 
drop Virtools because it is more expensive (about $13,000 for development licence while 
Vizard was about $4,000, both prices were quoted in 2008) not only for the educational 
use, but even for the ftiture of the SVRS to be adapted and used in home rehabilitation. In 
addition Vizard was more likely to become open-source for continuation according to the 
president of the WorldViz. A one-year free license was also provided by the developer 
company (WorldViz) of the Vizard in order to use it with actual tests, while other 
companies refused to provide such an offer or even to extend the trial license.
Vizard VirTools EON Reality MetaVR
Price for 
educational license
£3250 £8000 £18800 £5625
Licensing
condition
Perpetual, Enterprise Perpetual, needed for packages Perpetual Not sure
Software
development
C ++and Python C++ C++ Not sure
Hardware Support Supports many VR equipment 
such as HM D and Flock of Birds
Supports many VR equipm ent 
such as HM D and Flock o f Birds
Not sure, but it does 
support Flock of Birds
Not sure
Importable format All form at from  3ds Max All form at from  3ds Max All form at from  3ds 
Max
OpenFlight
Platforms Windows and Linux Windows W indows W indows
Continuation Become open-source Become open-source Not sure Not sure
5.2.3 Brief Description of Vizard Virtual Reality ToolKit
The Vizard Virtual Reality Toolkit was developed jointly at MIT and the University of
California in the early 1990s in close collaboration with NASA [WorldViz, 2011]. It was
inspired by human behaviour and perception research. The Vizard toolkit is an anticipated
fast prototyping VR that can be used in developing graphical applications in many
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domains; for example, flight simulation, healthcare, science, and business. Vizard does 
support object oriented, OpenGL, peripheral hardware interfaces and networking, and 
uses DirectX multimedia. For example, it provides easy connection to some 3D display 
systems. It also provides an integrated environment and a graphical library that helps in 
handling 3D models through the use of scripting language Python. A C++ Software 
Development Kit (SDK) which has the ability to extend and develop the functionality of 
Vizard is also available. The main advantage of using Vizard is that all VR elements can 
be integrated seamlessly. When Vizard was initially used for testing purposes, it was 
managed to be familiar with its scripting quicker than other VR software packages. The 
explanation of how Vizard has been used in this research will be presented in section 5.4.
5.2.4 Brief Description of Qualisys Motion Capture System
The ProRefiex based Qualisys system is a passive retro-reflective markers based motion 
capture system. This makes positional data calculated by the computer without the need 
for any direct connections between the markers (small light balls covered with a reflective 
material) and the computer. Eight ProRefiex cameras are used in this project. Each 
camera lens has a number of emitting diodes around it which to emit infrared light. The 
light hits the reflective markers, which is reflected back to the camera. Each camera 
records the information about marker size and its position in a 2D frame and then sends it 
to the computer.
Qualisys Track Manager (QTM) is a software package that controls the cameras and 
gathers the 2D information from each camera. It then merges the data with the camera 
coordinates to obtain 3D data for each marker in each frame. QTM is not only used to 
control and receive data from cameras, it also enables users to manipulate 2D, 3D, and 
6D0F in the real-time, with minimal latency.
The main limitations of using the Qualisys motion capture system are occlusion and 
crossover. Occlusion occurs when the marker cannot be seen by at least two cameras and 
this develops a break in the recorded markers trajectories. Another limitation usually 
occurs when two markers or more are too close to each other, thus preventing the system 
to distinguish between markers. This phenomenon is called crossover. Another limitation 
is that the QTM generates trajectories that are not supposed to be there. This happens as a 
result of reflection from spotlights, as well as flashing and shiny materials.
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The Qualisys motion capture system has to be calibrated before use. This is a fundamental 
step that identifies the orientation and position of capture volume with respect to the 
setting of each camera in relation to the other. This is important data that are considered 
by QTM in order to reproduce 3D coordinates from the 2D data received from each 
camera. To achieve the global calibration, a static reference calibration is used to define 
the coordinate system for motion capture while a wand is moved around in the volume. 
All calibration settings are controlled by QTM and the quality of calibration can be 
visualised using QTM. Once the global calibration is done, it is important to ensure the 
user or any other tools that are proposed to be tracked by the motion capture system 
within the calibrated volume. After making sure all the calibration has been done 
successfully, movements of specific objects can be tracked either in real-time or to be 
recorded.
5.2.5 Software and Hardware Integration of the SVRS
Having successfully put into practice the initial decision to develop the SVRS using the 
hardware and the software package mentioned in subsection 5.2.3, the next step was to 
implement the integration between the hardware and the software packages with the aim 
to enable users to interact with the virtual world. The following approaches were 
therefore formulated:
A. Initial approach
The overall goal of this approach was to enable users to interact with the virtual world by 
using Qualisys motion capture system. To achieve this, initial requirements were 
identified as follows:
• 3D software packages that can transmit actual motion data in real-time into the 
virtual environment should be used
• A plug-in module that can make the communication possible between the 
treadmill and the virtual world should be developed
Based on these requirements, the following four 3D software packages were used:
• Vizard Live-Characters (WorldViz LLC, USA) which facilitates users to perform 
real-time animation and interaction in the virtual world
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• Autodesk Motionbuilder 2009 (Autodesk,Inc , USA) which allows the motion 
capture system to communicate with Live Characters
• Vizard VR toolkit that offers a VR development interface based on Python
• QTM which is designed to work with Qualisys cameras as described in subsection
5.2.4
To obtain an acceptable performance level in the communication between the motion 
capture system and VR environments in real-time, two computers are required to run 
these software packages. In this context, the performance level refers to how well the 
communication can be acted with no noticeable delay. The first three software packages 
were running on one computer while the QTM was running on another computer. The 
communication between these computers is described in the next section.
To achieve the overall goal of developing the SVRS, it was important to write a Python 
(version 2.4) communication code that was implemented in Vizard VR ToolKit in order 
to allow virtual world to respond to treadmill speeds. Figure 5.2 shows a flowchart of the 
code; this starts by initialising treadmill technical and programming variables such as 
time out for the treadmill, and zero speed in the programming code. It was then integrated 
with the main setup of VR scenarios as will be explained later in this chapter. The 
integration allows the treadmill speed to control the virtual world in such a way that users 
feel like they are walking in a virtual world.
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Start
Open RS232 serial 
port
End the process opened?
Initialise the treadmill 
parameters:
- Set time out to a prefer 
value, which means if the 
treadmill did not receive a 
command stop the treadmill
- Switch to treadmill 
control protocol
- Set walking direction ( 
forwards or backwards)
C ontinuing treadm ill function that is a part o f the  VR  
scenario
Is the treadmill 
streaming data?
Reading treadmill speed
as the speed b e e n \  No 
received?
^  Stop the 
communication with 
V  the tr^dm ill
- Save the current 
treadmill speed.
- Scale the treadmill 
speed
- Integrate the scaled 
speed with the VR
Figure 5.2: Flowchart of the communication protocol between the treadmill and VR 
How the initial approach worked?
The integration of this approach enabled users to have a sense as if they were walking in 
the virtual world through controlling an avatar inside it. To do so, 28 retro-reflective 
markers should be placed on users’ body as can be seen in Figure 5.3. These markers 
were used in order to initialise the matching of a user’s body map with the 3D character 
body map in Motionbuilder. The latter accordingly matched with an avatar’s body map in 
the virtual world. The scheme of communication between these software packages is 
illustrated in Figure 5.4. In the first step, the capture volume is calibrated in order to 
enable the QTM to capture movements. Once the calibration was done successfully, users 
who were attached with 28 markers were asked to stand with anus high on the calibrated 
volume. This enabled capturing 20 s of markers data during the stand position to be used 
in matching the users’ body map with the 3D character body map in Motionbuilder in 
offline (using recorded data). Once the matching was done successfully, the 
corresponding between the 3D character in the Motionbuilder and an avatar in Vizard was
initialised in the standstill position through the use of the Live-Characters.
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FnU-body markar 
placement, Anterior 
view
Fnll-body marker
placement, 
Postaior view
Figure 5.3: Markers position on the body [Fames et al, 1999]
Initialise QTM : calibration, body data, communication frame 
rate, and body data seen by cameras
Motionbuilder obtains data from QTM and match them with 
its 3D charter body.
Initialise Live-Characters so that it can handle data in 
Motionbuilder which will then initialise communication with 
Vizard
Vizard receiving data from Motionbuilder through Livec- 
haracters which enable users to control an avatar inside a 
virtual world in real-time
Figure 5.4: Communication between 3D software packages
Once the match and the communication were prepared successfully with full body 
markers in offline during the stand position, users were then asked to do some movements 
within the calibrated volume to facilitate the communication and matching in real-time. If 
this was achieved correctly, markers on body parts that were planned to control the
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avatar’s body parts were only left on users’ body. This is illustrated in Figure 5.5 that 
shows, for example, four markers placed on a volunteer’s ann during his experiment of 
using the SVRS. These markers thus enabled the volunteer to control the avatar’s arm.
9
Figure 5.5; Volunteer using the proposed Surrey Virtual Reality system at the Gait 
Laboratory, University of Surrey. Motion tracking of retroreflective markers placed 
on the subject is used to control the avatar. This allows for an interactive game 
environment while gait retraining.
Limitations o f the initial approach
First of all, it is important to mention that the licence of the Vizard Live Characters was 
provided free for a year. However, two main limitations of using this approach were 
recognised. The first was that the actual cost of the Vizard Live-Characters software is 
quite expensive (was $ 9,500 in 2009).The second was that a latency between avatar and 
users movements was noticed when using this approach. This was due to the fact that four 
3D software packages were being used as well as the communication between the 
treadmill and VR environment, in real-time. To address this limitation it would be 
required to replace the computer used to run these software packages by a computer with 
high speed processor and 3D graphic performance.
As the research budget was insufficient to purchase the Vizard Live-Characters software 
and the interaction between users and 3D environment when using the SVRS needed to
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be improved, it was decided to refine this approach while making sure of using the SVRS 
components which were outlined in subsection 5.2.2.
B. Refined approach
To address the limitations of the initial approach the most common technique in computer 
animation were reviewed by the author. The technique is called the Inverse Kinematic 
(IK) that was chosen because the Vizard Live-Characters software and Autodesk 
Motionbuilder 2009 are developed based on the theory of IK. For this reason, it was 
decided to figure out the possibility of developing an IK code with the aim to minimise 
the latency noticed when using the software packages used in the previous (initial) 
approach. Initially, a review of the IK was undertaken to understand what is the IK; it is 
described as an approach that provides direct control over the placement of specified 
points (called end-effecters) at the end of a kinematic chain of joints [Badler et a l, 1987, 
Girard, 1987, Grochow et a l, 2004, Korein and Badler, 1982]. It is a common method 
used to control character bodies in 3D environment. The IK is ultimately used to address 
problems of calculating joint angles of the body segments. However, solving the IK is a 
demanding research area because the problem is essentially underdetermined, such as, for 
specified positions of the hands and feet of a character body, there are many possible 
character poses that satisfy the constraints [Badler et a l, 1987, Girard, 1987, Grochow et 
a l, 2004, Korein and Badler, 1982]. Although various poses are possible, some poses are 
more expected than others just as an actor asked to reach forward with their arm will most 
likely reach with their whole body, rather than keeping the rest of the body limp.
The overall conceptualisation of IK enables orientation and/or directional goals. As the 
majority of IK algorithms were formerly designed to meet the requirements of robotic 
applications, their adaptation is required for use with character body. Various IK methods 
[Baerlocher and Boulic, 2004, Herda et a l, 2001, Tolani et a l, 2000, Unzueta et a l, 
2008, Welman, 1989] were therefore reviewed with the aim to decide which method 
could be adapted for use in this work. Baerlocher and Boulic [2004] published their work 
on adapting an IK algorithm for use in real-time based on motion capture data. In their IK 
solver, the errors caused by constrains (that are related to priority level where the 
important properties are processed (enforced) first) are reduced. The solver provides fast 
convergence so that the character’s posture reflects the user’s posture in real-time 
interaction. As published results of using their proposed algorithm of this IK solver show
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that it could be applied successfully, it was thought of writing the IK plug-in based on 
their published algorithm in [Baerlocher and Boulic, 2004, Peinado et a l, 2004] .
Initially, the following steps were indentified following guidelines by Baerlocher and 
Boulic [2004] in order to write the script of the IK plug-in:
• Definition of the constraints: type (position, orientation, and balance), joint set, 
priority level, and goal
• In a real time loop, the motion capture data should be recorded to build the current 
state of constraints goals
• IK convergence loop
• Display the posture
How this approach works?
It was also thought of how the IK would be used practically. The procedure was defined 
to be similar to the one mentioned in the initial approach, but only with QTM and Vizard.
Decision on the IK approach
Prior to deciding whether or not to implement the proposed IK algorithm for the use in 
the SVRS, the main concern for using such an approach was discussed with the academic 
supervisors. One of the concerns was to complete the entire writing and testing of the IK 
code successfully by the author within less than six months; this because familiarisations 
with theory of 3D mathematics for IK in C++ were required. The other concern was about 
the time that will be required to place markers on patients’ body. Equally important was 
the procedure that would be followed to initialise the communication between the 
patients’ body and a 3D avatar. This is because the procedure will not only be required on 
the first visit, but will also be followed each time a patient needs to use the system. As the 
aim of developing the SVRS is to use it in rehabilitation, the time to prepare a patient to 
use the system needs to be as less as possible. Hence, it was decided to consider another 
approach as described below.
C. Final approach
For previous two approaches a long time is required to initialise the first interaction 
between users and an avatar. Thus, the idea in the formulation of the final approach was 
to enable users to control a virtual object instead of controlling an avatar. A discussion 
with the clinical team about this suggestion took place prior to carrying out the
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development process. The clinical team felt that, as the overall aim of using the SVRS is 
to enable patients to interact with virtual objects in order to improve rehabilitation tasks, 
controlling an avatar is not necessary for intend development, but maybe it is in the 
future; therefore, a simple technique to build a virtual skeleton to be part of the virtual 
world during some tasks was introduced based on the following pseudo-code (Pseudo 1):
Pseudo-code to build a virtual skeleton for the lower extremity
- Get markers positions in 3D space and their names from QTM
-  Define segments in an array based on the names in QTM as follows:
segments^ [[’LAS', 'lthigh’],['LAS', 'LPP'],[’LPP', 'sacrum'], ['sacrum', 'RPP],['RPP', 'RAS'J,['RAS', 'rthigh'f, 
['rthigh', 'rknee']\,['rknee', ’rankle], ['rankle', 'rheel],['rheeV, 'rtoe],['rtoe', ’rankle], ['PAS', 'LAS],['lthigh', 'Iknee
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['Iknee', 'lankle']\,['lankle', 'lheel],['lheeV, 'ltoe],['ltoe', ’lankle]]
-  For each segment define the start and the end points from segments; for example, the start point for the first segment 
is LAS and the end point is Ithigh
-  Find the distance between the start and the end points o f each segment
- Create a cylinder shape for each segment. Set the cylinder's height to be equal to the calculated distance
-  Make the end o f each cylinder to look at the start o f the next cylinder
- Append cylinders
In the light of this discussion, the following was used as part of this approach;
• A pointer that is marked using reflective markers to enable users to control virtual 
objects
• A number of markers which can be placed on parts of the users body in order to 
control virtual objects/ produce a lower virtual skeleton inside the virtual world
For the purpose of achieving real-time virtual object control in the virtual world based on 
natural movements of the pointer or users’ body part, a plug-in code was written to 
facilitate the communication between the motion capture system and the VR toolkit 
(Vizard). The communication is based on a client - server theory and relies on the use of 
standard Transmission Control Protocol (TCP). TCP is a protocol which deploys a set of 
communication rules to streaming data between different systems, on a network. The TCP 
connection can be established by using the system’s Internet Protocol (IP) address and the 
predefined port of both systems as shown in Figure 5.6.
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f Vizard
IP:131.227.196.4
Port:8080
f QTM
1 IP;131.227.196.1
Port:222222
Figure 5.6: TCP socket connection 
The client - server characteristic is a paradigm form used to provide services to one or 
more clients, over a network. Servers host information that can be provided to clients. If a 
client needs some information, a request is sent to the server. If the server accepts the 
request, the requested information will be sent to the client. Figure 5.7 shows the main 
concepts of communication between server and client.
QTM Vizard
Close 0
Socket {)
Accept {) ConnectQ
Socket 0Listen ()
Close 0
Read () 
Receive ()
Read () 
Receive ()
Read () 
Receive ()
Write 0 
Send 0
Write 0 
Send ()
Figure 5.7: TCP, client-server protocol 
In the case of this work, QTM plays the role of the server and the client is the VR toolkit. 
The client establishes the connection to the server using the port number 22222 or 22221 
[Hofverberg, 2009]. Following the guideline of the QTM real-time server protocol, the 
author wrote a plug-in by using C++ as can be seen in following pseudo-code (Pseudo2) 
of SYRS-QTM plug-in; it was developed with the aim to enable clients to send a number 
of commands to the server that replies with the requested data. For the purpose of this 
research, only the positions of both markers and positions/orientation of rigid bodies are
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requested through this plug-in. In late 2009 a commercial plug-in was realised as part of 
VR toolkit by WorldViz. The commercial plug-in was introduced to provide 3D0F, 
6D0F, and analogue data. Since then the SVRS has used the commercial plug-in.
Use of the treadmill was a key part of the SVRS in order to enable users to navigate the 
VR environment while they are walking on the treadmill. There is some development 
steps that were undertaken to make this possible as will be explained in section 5.5.
‘^””Pseudo2
Pseudo-code o f the Surrey OTMplm-in 
Import QTM library 
Import Vizard Sensor 
Import XML Library 
Initialise the SVRSQTM sensor:
• Set up the configuration o f connection with QTM RT server:
Initialise the communication with QTM server via TCP/IP:
I f  communication True:
•  Check the QTM RT version, i f  its valid do:
Get response from QTM RT server 
I f  response is valid:
Get current frame from QTM RT in form o f XML that have the following parameters : 
o  Markers names, numbers and positions 
o Bodies names and their degree o f freedom
I f  QTM RT streaming in response to the communication with the SVRSQTM sensor, users can get: 
Casel : markers data in the following structures:
Positions in form X,Y,Z
Names
Numbers
Case2: 6DOF data in the following structures:
Positions in FormX,Y,Z 
Bodies ’ names 
Bodies ’ numbers
Euler data in form Roll, Pitch, and Yaw
I f  connection stops:
•  Stop communication
5.3 SVRS Setup
Figure 5.8 shows a block diagram of the system that uses two computers connected by a 
network (Ethernet) standard port which enables communieations protocols to drive the 
SVRS. The first computer (PCI) is connected to the projectors by using the graphic card 
channels and to the treadmill by using the RS-232 serial port. Vizard is also compiled on 
the same computer with 1024 x 768 pixels display resolution at 60 Hz timing. The QTM 
tracker system is run on the second computer (PC2). While it is true that commercial 
projector stands are quite expensive it was possible to use a locally developed projector 
stand that allowed adjustment of the projectors within two planes as illustrated in Figure 
5.1. The images are projected onto a rear projection screen 6.5 m behind the screen to 
present an image size 2 m tall and 3 m wide. The most difficult part of the SVRS setup is
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the projector alignment, which is a common challenge for passive stereo VR systems 
using two projectors.
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Figure 5.8: A block diagram  o f  the SVR system 
Fundamentally, the two projected images should overlap onto a projection screen. 
Unfortunately, this is very difficult to do practically. In this case, the difficulty is due to 
the fact that the typical commercial projectors do not have the shift lens feature or a 
horizontal keystone function. Hence, a test card (see Figure 5.9) is projected onto the 
screen using 3DP StereoSlideShow software (3D Presentations, version 2) in order to 
align the images from two projectors. The following approach is then used in the 
alignment procedure:
• The two projectors are stacked above each other with a small gap (about 5.5 cm) 
between them
• The projectors are tilted slightly so that the images roughly overlap on the screen 
and the horizontal distance between the images is reduced. During this stage, the 
vertical disparity between the two images is as small as possible
• The keystone function is also used to show as much overlap of the test card as 
possible; however, this function affects the vertical overlap
• The distance between the right and left images in the test card is reduced by 
getting the words “Geowall Alignment”, the colour bands, and the words “Focus”
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in each comer to overlap. Then, the middle of the test card is also checked to 
make sure it overlapped
Figure 5.9: GeoWall Alignment image in stereo setup 
Taking into account definitions of the Inter-pupillary and the stereoscopic [The University 
of North Carolina at Chapel Hill, 1997, Vince, 1995], the author decided to accept the 
tolerance of the horizontal disparity of the two images in the projection screen, which 
should not be more than 72 mm that is the maximum average value of the Inter-pupillary 
distance (the distance between eyes). Vizard with the projector set-up completed was then 
used in order to project VR scenarios that were developed. Vizard offers functions that 
can be used to project a stereo image. These functions can be used appropriately if the 
following tips are considered"^:
• The distance from the user’s eyes to the screen imaging surface should be 
identified
• The Fusion distance should be considered. This is the distance from the eyes 
where the lines of sight for each eye converge (see Figure 5.10)
• The Field of View (FOV) should be customised to correct the surrounding area in 
order to enhance sense of immersion. The FOV in this setup was calculated by 
using the following formula [Messenger, 2010] :
FOV = t * ( - ï ï f )  ’
Where: x is the width of the user’s field of view
d is the distance between the user and the screen
Documentation o f  Vizard Virtual Reality Toolkit
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Convergence
point
X
Left Eye
Projection Screen
Figure 5.10: Stereo viewing geometry. IPD is the Inter-pupillary Distance
In terms of Inter-pupillary distanee, the value of fusion distanee should be ehanged for 
every new user due to the varying (between 52 and 75 mm) of the Inter-pupillary. To 
avoid this, the average value of the Inter-pupillary has been considered to be 60 mm 
[Dodgson, 2004] and the distanee between two images was considered at the alignment 
stage. Once the components and the software packages of the SVRS had been setup, 
virtual objects were projected onto the screen. Virtual objects can be controlled by 
placing retro-reflective markers on the hand or other parts of a user’s body as explained in 
subsection 5.2.5. The QTM plug-in in Vizard was used to get access to the 3D and 6D0F 
data in QTM software.
5.4 Development of VR Environment
In view of the aim of using 3D models in the real-time VR environments, it is very
important to make the rendering time as short as possible. This means that the polygons
number should be minimal, and the light and the texture as simple as possible. A polygon
can be described as a planar path composed of a limited number of straight sequential line
segments which are known at its edges. To create a 3D model, Autodesk 3ds Max 2009
was initially used. This program is sophisticated and specialised in designing and
rendering 3D models for games, animation, film, and television development. It does
support a number of 3D formats such as .3ds, .wrl, .w3d, .osg, and .ive. As the 3D model
will be imported into the virtual environment using Vizard, all models that were designed
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in 3ds Max are exported in .org format (recommended format from Vizard developers for 
3D models exported from 3ds max). However, the main limitation of using 3ds Max 
during this research was that it uses a lot of system resources especially during the 
rendering and has a large learning curve.
It has therefore been decided to use the Google Sketchup 8.00 in order to meet the 
requirements of designing a 3D model as part of the SVRS. It is an open source program 
that enables users to sketch in 3D. It does support most of the functionalities 3ds Max 
does, but in a very simple way. The limitations of using 3ds Max have been addressed by 
using the Sketchup. Once the design of the 3D model is completed in the Sketchup, it is 
then exported to .dae format that is supported by Vizard. Appendix C shows an example 
of how to design and export a 3D room using Sketchup.
Once the 3D models have been exported in the right format, they are saved with a .dae 
extension in addition to texture images (see Figure 5.11). dae (digital asset exchange) 
filename extension is associated with COLLAborative Design Activity (COLL AD A) for 
establishing an interchange file fonnat for interactive 3D models. “COLLADA is a 
royalty-free XML schema that enables digital asset exchange within the interactive 3D 
industry” [COLLADA, 2011] .
% / @ @ r  ^  f  g» # C K «
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Figure 5.11: A screenshot of 3D model in Google Sketchup 
When using Vizard to implement a virtual environment, the .dae file must be referenced 
as seen in the following code (Pseudo3) that shows a sample of Vizard script in order to 
add the model and then scale it to be used later in a VR scenario. Vizard code is based on
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the Python programming language that can be learned quickly, depending on the 
knowledge level on it. Python is an object oriented programming language, which is 
similar to syntax of C++. Although the main Vizard class is the viz class, all Python class 
and modules can be used through Vizard. To start any programme in Vizard, viz class 
should be imported. Other classes should also be imported if they are going to be used.
^^”**Pseudo3
Vizard Script
import viz
viz.go(viz.FULLSCREEN | viz.STEREO)
“ ” ” Add 3D Model “ ” ”
walkthrough=viz.add('3D Stuff/walkthroughlondon.dae) 
walkthrough.setEuler(180,0,0) 
walkthrough.setPosition(0, 5,3)
“ ’’ ” Add 3D Balloon “ ” ”
balloon = viz.addChild('balloon.wrl)
balloon.setPosition([0,-. 1,6J)
balloon.setEuler([90,0,0])
balloon. setScale(l .5,1.2,3.2)
balloon.colorfviz. GRA Y)
’’Add Sky"
env =  viz.add(viz.ENVIR0NMENT_MAP,’3D_Stuff/sky.jpg’)  
dome = viz.add('skydome.dlc) 
dome, texture (env)
From the code above, the second line {import viz) is used to gain access to the entire 
Vizard library. The third (viz. go (viz. FULLSCREEN | viz.STEREO)) is used to start an 
empty world in full screen mode and stereo vision. The fifth line 
(walkthrough=viz.add('3D Stuff/walkthroughlondon.dae) is used to add a compatible 
Vizard 3D model to the world. If the script runs, users can navigate the 3D world by using 
the mouse, which is controlled by a Vizard’s built-in mouse navigation module. Appendix 
D presents a full description of how to import 3D models, create functions, and develop 
tasks in Vizard.
Once the main 3D model is imported into VR toolkit, the performance of rendering the
model is checked whether it compiles on at least 60 Hz by pressing F4. If this succeeds,
secondary 3D models will be imported and then checked if they are integrated
successfully with the main 3D model. After that, functions that are developed to produce
a VR scenario were implemented through the use of Vizard. Most VR scenarios that were
developed in this work have four direct/indirect main functions. The first function is
responsible for initialising and rendering the main 3D model throughout the scenario. The
second has the same responsibility of the first, but for the secondary 3D objects such as
balloons, balls, and hand. The third is developed to check if any collision occurs between
predefined VR objects. The last is designed to initialise and make sure the interface
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between the Vizard and the treadmill and/or Qualysis is not interrupted, and also if it 
receives the data from the equipment through VR scenario.
5.5 Virtual Reality Scenarios
At this stage of the work, two VR scenarios were developed in order to evaluate the 
overall performance of the SVRS. These scenarios focused on treadmill training and hand 
movements. The evaluation study has been described in the next chapter but the 
development detail of these scenarios is given in this section.
5.5.1 Treadmill Training
Two methods have been used: the first, using the treadmill in a conventional way (using 
speed buttons to change from one speed to another); the second, an algorithm to enable 
users to walk on the treadmill at their self selected pace.
5.5.1.1 Conventional treadmill training
To ensure that the speeds from the treadmill can be readily processed, they must be 
entered into a computer. The normal method for accomplishing this is to plug the 
treadmill into the computer, using a serial port. To enable the treadmill application in the 
VR, a plug-in code was written by the author using Vizard and follows the 
communication protocol document from WoodWay [2008]. The code is presented in the 
following pseudo-code (Pseudo4).
Once the serial port is opened successfully, a command is sent to the treadmill in order to 
get its current speed. If a response is received from the treadmill, the function reads its 
speed and then the function re-scales it to be used as the virtual environment speed. To re­
scale the speed, five colleagues from the University of Surrey, who had walked on a 
treadmill before, were asked to walk on the treadmill with VR. The VR environment is 
discussed below and can be seen in Figure 5.13 but with these trials virtual balloons and 
the hand were disabled. They were asked to find which VR speed matched with their 
walking speed on the treadmill. Seven trials were undertaken so that their perspectives 
considered. In each trial, the scale was set up and then the user was asked to walk on the 
treadmill at different walking speeds (normal, fastest, and slow). All users felt one of the 
trial enabled them to feel that the interaction between the treadmill speed and the VR 
movement was satisfactory. This value has then been recorded and used with all the VR 
based treadmill experiments presented in this thesis.
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**””Pseudo4
“ ” ” To complete the function, an open source Python module (PSeriaU was uploaded into the Vizard models library to 
get access to the serial port. As can be seen in Figure 5.2. if  the serial port is opened, a command will be sent to the 
treadmill to initialise the communication. Import serial class ” ” ”
Open serial port using the following configuration:
Initialise treadmill parameters:
Switch to treadmill control protocol 
Turn treadmill on
Set walking direction (forwards or backwards)
Set the time-out to a prefer value 
Initialise the following virtual scene parameters to zero:
Movement speed
Yaw
Pitch
While communication is True:
Send reading speed command to the treadmill 
Convert the received treadmill speed to a decimal number 
Scale treadmill speed
Use scaled speed to move virtual main v/eiv with relative changes within the local coordinate system 
Set Euler o f  main view to zero 
I f  not True:
Stop treadmill
As documented above, this connection allows the treadmill to control the virtual 
environment speed that is adjusted using the speed buttons on the treadmill. A 
walkthrough VR environment (see Figure 5.12) was developed and then integrated with 
the treadmill in order to be used as its VR scenario. Figure 5.13 shows the flowchart of 
the developed VR scenario. The design starts by allowing users to read instructions for 
completing the scenario. As discussed earlier in this chapter, functions were developed to 
initialise communications between treadmill, QTM, and VR software. If these 
communications are successfully initialised, then 3D models will be imported. Once this 
is achieved, rendering and collision functions are also initialised before users start playing 
the scenario. For this scenario, users will be asked to carry a pointer (see Figure 5.12) that 
allows users to control a virtual hand. The virtual hand is used to pop virtual balloons that 
will appear on the screen during this scenario every 10 s at selected random positions. If 
the hand touched a balloon, one point will be added to the score. Otherwise, the non 
touched balloon will disappear within 5 s from the time appear. The scenario is developed 
to encourage users to touch as many balloons as possible while they are walking on the 
treadmill within a specific time (180 s).
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I r  '• ' «
Figure 5.12: A volunteer using the SVRS in the Gait Laboratory. A: a pointer attached with reflective 
markers. PI : during the actual test and P2: a screenshot of the VR environment
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5.5.1.2 Real-Time Treadmill Speed Control Algorithm
The main challenge in the SVRS is to enable users to walk through a virtual environment. 
It was believed that, however, the simple set-up of the treadmill would fail to enable users 
to walk through an immersive virtual environment. For more immersed and realistic 
experiences, a powered but self-paced treadmill could be used; the treadmill speed 
responds to the speeding up and slowing down of the subject but without the need to use 
speed control buttons. In the literature [Christensen et a l, 2000, Lichtenstein et a l, 2007, 
Manurung et a l, 2010, Minetti et a l, 2003, Souman et a l, 2010, Von Zitzewitz et a l, 
2007], different techniques were adapted in order to implement a general locomotion 
interface in a VR and/or other purposes. A feedback-controlled treadmill locomotion 
interface was implemented based on a proportional - integral - derivative (PID) controller, 
with the difference between intended position and that from sensors attached to the user 
as input, and investigated by Lichtenstein et a l [2007] and Minetti et a l [2003]. The slow 
response of the treadmill to user movement on the treadmill was reported as one 
limitation in the study conducted by Minetti et a l [2003]. In both studies, the PID control 
algorithm used to calculate treadmill speed is designed to maintain the user’s walking at a 
certain preset position on the treadmill. Due to the limited ability to change walking speed 
with this approach, users may not feel that they can walk naturally at a range of speeds on 
the treadmill.
Christensen et a l [2000] and Von Zitzewitz et a l [2007] adapted the treadmill speed 
based on the force applied through a cable attached to a mechanical tether on the back of 
the user; the force changing as the user moved forward or backward during their walking 
on the treadmill. A limitation of this approach is that the attached tether may interfere 
with focusing solely on the activity. To address this, Manurung et a l [2010] adapted a 
speed control treadmill algorithm based on the use of a sonar sensor, which was placed on 
the user’s back. The sensor determines how far the user is on the treadmill from a 
predefined reference point, and this distance is used by the algorithm to determine the 
walking speed. The approach demonstrated in this study enabled users to adjust their 
walking speed on the treadmill successfully; however, an approach is required to increase 
level of immersion and clinical applications (for example, biofeedback and 3D kinematic) 
that can be associated with augmented treadmill training. One approach to addressing 
these concerns could be the use of optical motion capture systems that rely on small light­
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weight markers that can be attached readily to the user’s body [Souman et a l, 2010]. 
Such an approach can be used not only to control speed using a position based algorithm 
with a simple array of markers, but through use of more complex marker sets, determine 
the placement of body segments in space to enhance the immersion of users in a virtual 
world. For this reason a motion capture based Real-time Treadmill Speed Control 
Algorithm (RTSCA) was developed as part of the SVRS.
The RTSCA is based on an open loop PID controller algorithm implemented in the 
Vizard software following the follows pseudo-code (Pseudo5). The RTSCA enables users 
to start walking on a stationary treadmill and for its speed to respond to their movement 
within a predefined safe area; it is defined by using two markers placed onto both sides of 
the treadmill belt as shown in Figure 5.14. Users wear a pelvis reflective marker ‘cluster’ 
(see Figure 5.14) and two reflective markers on their feet, the latter to stop the treadmill if 
users step outside the treadmill belt. The QTM is used to track marker positions. The 
software calculates the longitudinal difference between the pelvis cluster origin and the 
treadmill origin point; this difference (xe) is then used to compute the Calculated 
Treadmill Speed (CTS) as illustrated in equation 2. The CTS is sent to the treadmill 
through a RS232 serial connection.
C T S i t )  =  kp  X X e (t)  +  /C d(X e(t) ~  X g(t -  1 ) }  +  /C j ^  Xg ( t )  ^
Where; kp, k^, and ki are the coefficients of the proportional, derivative, and integral 
terms, respectively which were calculated with respect to the Ziegler-Nichols method 
[Xue et a l, 2008].
Figure 5.14: The W oodW ay treadmill. A: two markers define the 
walking area on the treadmill, XO: zero point, Xref: reference point 
and B: pelvis clustur; clip with 3-point contact to calculate the 
origin o f  the pelvis origin segment.
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^^””Pseudo5
“  ”  ’’Initialise treadmill communication throush the serial port # see Fleure 5.13 
Initialise communication with QTM throueh TCP/IP and set the followins ”” 
pelvis Euler 
pelvis position 
feet position
xO #  start walking point on the treadmill 
xrefH end walking point on the treadmill 
Set PID coefficients:
Ip #  proportional coefficient 
kd # derivative coefficient 
Id # integral coefficient 
Initialise error to zero 
Initialise previous_error to zero 
Initialise previous_pelvis position to xO 
Initialise treadmill speed to zero 
At 75 Hz do:
error= pelvis^position—xO 
i f  error<=0 or pelvis Euler>25°: 
stop treadmill 
Iferror> 0 and pelvis Euler<30°:
Proportional=kp * error 
Derivative=kd* (error-pervious_err or)
IntegraHki * integral
Treadmill speed=Proportional +  Derivative +  Integral
I f  Value > absolute (pelvis position -previous pelvis position)>0:
Send Treadmill speed to the treadmill over the serial port 
I f  feet step out the belt:
Stop treadmill 
Previous_pelvis position=pelvis position 
Previous_error=err or
The PID control algorithm was tuned in trial experiments with five volunteers while the 
treadmill speed changed when different values of the PID coefficients were tested. As a 
result, the optimum coefficient values were chosen as those that enabled volunteers to 
walk with stable treadmill speeds with a maximum fluctuation of approximately 0.015 
m/s (considered to be not noticeable) which was based on the responses from the test 
volunteers, and with the flexibility to increase walking speed gradually from zero up to a 
maximum walking speed of 1.9 m/s. Figure 5.15 shows four trials from a test with one 
user with different values for the PID coefficients. In the first and fourth trials, the 
fluctuation was noticed and the user took longer to reach their normal walking speed. The 
second trial did not enable the user to maintain a comfortable walking speed without 
unacceptable fluctuations in speed. The third trial allowed the user to walk at what they 
considered their comfortable walking speed without noticeable fluctuation.
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W'j
! ‘  Trail 1
 Trail 2
 Trail 3
 Trail 4
Time(s)
Figure 5.15: Treadm ill speeds at different PID values
Safety is clearly an important issue and the RTSCA is designed to trigger a controlled 
emergency stop, such that the system decelerates the belt speed to zero (at approximately 
5 m/s^) ) if any of the following occur:
• The user’s pelvis obliquity, rotation, or tilt exceeds 25°
• The user steps outside the defined treadmill belt area, determined using the foot
markers
• The connection between the treadmill and/or the marker detection system, and the 
controlling computer is interrupt
The software was developed to trigger an action if any of the following occur:
• The software avoids rapid movement changes to treadmill speed through a
comparison of the difference between the subject’s current position and the
previous position with a limited value (trial value is .0999 m). If the difference is 
more than the limited value, the software will not update the treadmill speed
• The treadmill can be stopped if it is not receiving data within a set time, which is 
called the treadmill time-out. The software sets the treadmill time-out to a specific 
value (trial value is 0.8 s). This is then used to monitor the communication 
between the computer and the treadmill and to detect an error or failure in 
communication. If the treadmill does not receive data over the serial port within a 
certain time, the default stop option will stop the treadmill automatically
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A virtual scenario was developed in order to investigate the feasibility of this algorithm 
with VR. Figure 5.16 shows the flowchart of the scenario development that starts by 
initialising the main functions as described in subsection 5.5.1.2. As this VR scenario 
requires users to walk across a virtual city within 65 seconds, however, there is a need to 
import the whole 3D model during the initialising stage. Two main functions are then 
compiled at the same time in order to enable users to complete the task. These functions 
are:
• Time and detection function that subtracts 1 s from the total time and presents a 
balloon every 10 s in the virtual city for duration of 3 s. It then detects if the user 
avoids colliding with the balloon or not. To enable users do so, they are asking to 
reduce their speed when the balloons appear and increase the speed once the 
balloons disappear
• Treadmill speed control algorithm function that starts by checking if QTM is 
streaming data at 60 Hz and whether the user is walking on the treadmill within 
the safe walking area as explained above or not. If the QTM data is received the 
procedure that was explained above then followed in order to compute the 
treadmill speed and send it to the treadmill and the virtual city
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5.6 Summary
Further to the literature in VR based rehabilitation and the framework for developing the 
SVRS, chapter five described the development process of the SVRS including its 
hardware, software, and approaches that were followed with the aim to complete the 
development process. Initially, a number of commercial VR systems were offered by 
companies specialised in VR systems. These systems were offered at relatively high cost 
for rehabilitation clinic budgets and were not immediately suitable for rehabilitation 
purposes. For these reasons, the decision was taken to develop the SVRS by using 
existing facilities. The literature for the development of low-cost VR systems was 
therefore reviewed. Accordingly, the SVRS was developed. In order to make the SVRS 
suitable for rehabilitation, three approaches were investigated and the appropriate one for 
rehabilitation purposes was chosen in relation to the discussion with the clinical team. In 
order to immerse users to the virtual world, a treadmill was interfaced with the VR 
environment. To be more immersive, a treadmill control algorithm was developed. Two 
VR scenarios were developed in order to help investigate the overall performance of the 
SVRS. An evaluation of these with young able-bodied adults is discussed in the next 
chapter.
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Chapter 6 
6 Pilot Investigation into the Overall 
Performance of the SVRS
6.1 Introduction
As outlined in the proposed framework for designing the virtual rehabilitation system in 
chapter four, the next step in the SVRS development was to evaluate its performance by 
recruiting young able-bodied adults prior to exploring its practicality in a clinical 
environment.
The investigation had three specific objectives:
• To evaluate the quality of the SVRS presentation of 3D static images
• To evaluate the quality of the SVRS presentation of 3D scenarios
• To evaluate the performance of the treadmill speed control algorithm
Section 6.2 describes the method chosen for the investigation. The results and the 
discussion are presented in section 6.3, while the conclusion of this chapter is outlined in 
section 6.4.
6.2 Method
6.2.1 Questionnaire Design
Questionnaires can be defined as a mechanism for data collection that consists of a 
number of questions, written or verbal [Gillham, 2000]. The main aim of questionnaires is 
to translate the information required into specific questions that respondents can, as well 
as will answer. Questionnaires have various advantages compared to other techniques 
outlined in chapter four. The main advantage of questionnaires is that they are easy to use 
in understanding users’ perspectives on a system, which include their satisfaction, 
preferences, and comfort. Questionnaire design must take into account question 
formatting, rating, wording, and overall length of the questionnaire [Gillham, 2000, 
Sudman, 1982].
The following should be considered during questionnaire design as recommended by 
Borque [1941]:
1 0 8
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• Adopt questions used in other questionnaires
• Adapt questions used in other questionnaires
• Develop own questions.
There are a number of questionnaire approaches that can be used in order to gather
information. These are: structured questionnaires that are composed of closed-ended
questions; semi-structured questionnaires that are consisted of a combination of closed- 
ended and open-ended questions; and unstructured questionnaires that are composed of 
open-ended questions [Gillham, 2000]. Structured questionnaires are the most common 
because they are easy to ask and quick to answer. They also do not require writing by 
respondents, and they are easy to analyse [Gillham, 2000]. Unstructured questionnaires, 
in contrast, allow respondents to answer the questions in any way they wish.
As far as the author knows, there is no published work to date discussing the use of an 
existing (valid) questionnaire or valid scale items to evaluate the practicality and/or 
feasibility of a VR system which has been designed for rehabilitation. For this work, it 
was decided to use semi-structured questionnaires in order to gather a combination of 
qualitative and quantitative information. Based on the literature presented in chapters 
three and four, established and/or adapted scales were used in order to measure each of 
the investigated constructs. The established one was Likert scale that uses five point 
scales (7- Strongly Agree; 2- Agree; 3- Neither Agree or Disagree; 4- Disagree; 5- 
Strongly Disagree). The adapted scale was based on the following three point scales:
1. Worse than normal over ground walking or self selected speed
2. Comparable to normal over ground walking or self selected speed
3. Better than normal over-ground walking or self selected speed
The questionnaires are divided into two forms. Form one (A) (see Table 6.1) is designed 
to collect demographic data about the research participants, including their age, gender, 
and experience of using a 3D system and/or a treadmill. The second form (B) consists of 
46 closed-ended questions and three open-ended questions as can be seen in Table 6.2 
that shows the final version of the questionnaire B. The questions focus on getting 
perspectives on the quality of the SVRS presentation of 3D images and VR scenarios (Q), 
the ease of use of the SVRS (E), performance of the interaction between VR
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environments and different components (PVR), and performance of the RTSCA (PR). 
Abbreviations just outlined in previous sentence used in Table 6.2 to indicate which 
question(s) relate to each part of the main goal of the questionnaire. Other parameters 
were measured such as enjoyment, safety, and performance of using the treadmill. The 
performance term used to describe how well, for example, the RTSCA enable people to 
walk on the treadmill. Some of these questions were generated and/or adapted from the 
study of Witmer and Singer [1998] and based on the literature presented in chapters three 
and four.
_____________________________ Table 6.1: Questionnaire form 1 (A) __________
Please answer all the following questions. Medical information and personal data that you provide is reserved confidential.______
Q A l I Responses to  the screening questionnaire confirmed? | □  Yes | □  No
Please tick the "Yes" or "No" box as appropriate fo r the following questions. Some answers will require you to en ter further 
information, please do this in the space provided.______________________________________________
I □  YesQA2 Have you ever used a treadm ill in the past? □  No
If yes: 2.1: How many hours per week do you use the treadmill?.,
□  Yes I □ NoQA3 Do you have any knowledge o f 3D display systems?
If yes : please rate your knowledge and experience o f 3D display systems :
1. I have good knowledge and use these system practically
2. I have no knowledge, but I use these systems practically
3. I have some knowledge, but I have not used any 3D display systems
4. I have no knowledge and have not used 3D display systems_________
QA4 If you selected (1) or (2) fo r question 3 then please answer the following:
4 .1 :1 have used a 3D display system by using...
o Shutter glass
o Passive glass
o Head Mounted Display (HM D) 
o Not known
o Other: (Please state)......................
4.2: W hat was the reason for using a 3D display system? 
o Games 
o Movie
o Training tools: (please s ta te )......
o Presenting Images 
o Other: (Please state)......................
QA5 Have you designed or been involved in the design of 3D display system □  Yes □  No
QA6 Have you ever used a 3D system during physical exercises? □  Yes □  No
Ifyes: (Please state)....................................................................................................................................
6.2.2 Reliability and Validity of Scales
Using adapted scales can influence the quality and precision of information collected. It is 
therefore important to make certain to use scales precisely and correctly [Gillham, 2000]. 
Researchers have introduced a number of approaches in order to assess validity and 
reliability. Validity is described as the degree to which a measure correctly demonstrates 
what it is assumed to measure [Hague, 1993]. The main three types of validity tests are:
• Face validity refers to a subjective systematic evaluation of how well the seale 
items sufficiently represent the measurement task being tested. This approach is
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often approached by a group of people who judge whether the questionnaire 
adequately cover the aim of the study
• Criterion-related validity refers to the degree to which a measure relates to some 
external criterion. It has two aspects which are: concurrent validity that often 
demonstrates how well the measure correlates with existing valid evidence; and 
predictive validity that reflects a test results with reference a future tests. For 
example, students’ grade in schools predicts how well they will do in a university
• Construct validity examines how to a reasonable degree the results obtained from 
the use of the measure fit the theories around which the test is designed [Sekaran, 
2003]
Table 6.2: Questionnaire used; 1 : Likert scale (Strongly agree -  strongly disagree); 2: comparison with 
normal over ground walking (Worse than normal over ground walking, comparable to normal over ground 
walking, and better than normal overground walking); 3: comparison to the self selected speed (worse than 
self selected speed, comparable to the self selected speed, and better than self selected speed);4: Yes or No;
No Question Scale Aim
The first image (Part 1)
Q i Image contrast was satisfactory 1
Q2 Image brightness was satisfactory 1 Q
Q3 The image looked 3D 1
04 The overall quality of the 3D image was satisfactory 1
The Second Image
Q5 Image contrast was satisfactory 1
Q6 Image brightness was satisfactory 1 Q
Q7 The image looked 3D 1
08 The overall quality of the 3D image was satisfactory 1
Locally Developed Scenario (Part 2)
Q9 The brightness of tlie virtual environment was satisfactory 1 Q
QIO The overall quality of the virtual environment was satisfactory 1
Q ll The virtual environment looked 3D 1
Q12 The interaction betv\een the virtual environment and the treadmill was satisfactory 1 PVR
013 It was easy to control the virtual environment objects (hand, balloons) I E
014 The virtual environment used was boring 1 Enjoyment
WorldViz Scenario ( Part 3)
Q15 The brightness of tire virtual environment was satisfactory 1 Q
016 The overall quality of the virtual environment was satisfactory 1
017 The virtual environment looked 3D 1
018 It was easy to control the virtual environment objects 1 E
019 The virtual environment used was boring 1 Enjoyment
Self Selected Speed (Part 4)
020 Ability to accelerate from stationary 2 Performance
021 The ease of accelerating from stationary 2 of Walking
022 Ability to change from one constant speed to another constant speed 2 on the
023 The ease of changing from one constant speed to another constant speed 2 Treadmill
024 Stop comfortably 2
025 Ability to maintain constant speed 2
026 The comfort of walking at constant speed 2
Self Controlled Speed (Part 5)
027 Ability to accelerate from stationary 2 PR
028 The ease of accelerating from stationary 2
029 Stop comfortably 2
030 The ease of changing from stationary to : 2
A. A normal se lf  selected
B. A maximum se lf  selected
C. A slow se lf  selected speed
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Q31 Ability to maintain: 2
A. A normal self selected
B. A maximum self selected
C. A slow self selected speed
Q32 In general, the ability to maintain speeds 3
033 In general, the ease of changing speeds from stationary 3
Q34 Did you walk at what you consider to be your fastest speed? 4
Q3S Do you have any further comments would you like to add? 5
Virtual City (Part 6)
036 The brightness of the virtual city was satisfactory 1 Q
Q37 The virtual city looked 3D 1
Q38 The virtual balls looked 3D 1
Q39 The interaction between the virtual city and the treadmill was satisfactory 1 PVR
Q40 The perception of the virtual balls in the virtual environment was satisfactory 1 Q
041 I was able to change easily from one constant speed to another constant speed 1 PR and E
042 I found the virtual city scenario motivated me to use the treadmill with self controlled speed 1 Enjoyment
043 Do you have any further comments would you like to add? 5
General Questions (Part 7)
044 This system helped me to increase my knowledge of virtual reality 1 Knowledge
045 This system motivates me to use the treadmill without virtual reality 1 Enjoyment
046 This system motivates me to use the treadmill with virtual reality 1 Enjoyment
047 I would like to use this system again 1 Enjoyment
Q48 This system makes me feel dizzy 1 Safety
049 If you have any further comments on the system you have used today, please write them below 5
As this thesis presents a pilot study that was aimed at gathering preliminary feedback and 
because it was difficult to recruit a large number of subjects, it was thus decided to follow 
the concepts of face validity test that is also known as content validity test. This test can 
be performed through a review of the questions by a group of people and not through the 
use of statistical analysis. The explanation of how volunteers provided their feedback on 
these questions will be discussed in the following subsection.
Reliability is used to define to what extent the developed test is free from the random 
errors [Hague, 1993], which refers to the consistency of a measure. Three approaches 
have been used by researchers, which are test-retest, alternative forms, and internal 
consistency techniques. For this work, it was difficult to ask participants to come and use 
the system again. In addition there were no valid questionnaires that can be used for 
evaluating the practicality of a VR system throughout its development stage. For these 
reasons, it was difficult to assess the reliability of the questionnaire used in this study. 
However, to facilitate the assessment of these questionnaires, the work was discussed 
with a Statistical Consultant (Mr Peter Williams) from the University of Surrey. He has 
recommended the use of internal consistency method which is typically used to assess the 
consistency of results across a set of questions among a test [Gillham, 2000, Hague, 
1993]. The most common technique that is used to assess the questionnaire’s reliability is 
the Cronbach’s alpha test. It splits data into two in every possible method and then 
computes the correlation coefficient for each split. The average of these values is called 
Cronbach’s alpha and it varies from 0 to 1. It has generally been agreed that the lower
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limited value for Cronbach’s alpha is 0.7 and it may drop to 0.6 in some research [Hair et 
a l, 2006].
6.2.3 Pre-testing of Questionnaires and Revision
Prior to the actual collection of data, a pre-test of questionnaires is recommended 
[Bourque, 1941] in order to measure the validity of the questionnaire. The importance of 
pre-test lies in the fact that it facilitates the researcher to re-design the questionnaires if 
any question is found to be ambiguous and difficult to understand, as well as does not 
cover the aim of the study. Therefore, a pre-test was conducted on two academic 
supervisors and three colleagues from the Centre for Biomedical Engineering who were 
asked to use the SVRS as described in the investigation protocol that is described in the 
following subsection. Further to this pre-test, ambiguity of wordings and a failure to 
understand some technical terms were reported for further modifications. The final 
questionnaires form was revised and reviewed again with the supervisors.
These five people were asked, before they started the experiment, to comment on the 
clarity of the wording of the questionnaire and its layout. They also asked to comment if 
they felt the questionnaire covered the aim of the study. All of them believed that it does 
cover the aim of the study. However, some comments were reported on the clarity of 
some questions and consequently all reported questions were amended. Table 6.3 shows 
the first and the revised drafts of the questionnaire. An example, a question (Q30) was 
amended because it was confusing as initially it was '"The comfort o f  changing from  
constant speed to another constant speed'. This question was designed with the aim to 
get perspectives on the comfort of the use of the developed treadmill speed algorithm. 
People felt the answer could not reflect their right perspective due to the fact that the 
comfort was depending on the walking speed. Therefore, it was amended to three parts 
based on the speeds as follows:
“The ease o f  changing from stationary to:
A. A normal self selected
B. A maximum self selected
C. A slow self selected speed”
Two volunteers reported that they forgotten abbreviations meaning over completion of 
other parts of the questionnaire. It was therefore decided to not use any abbreviations in
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the amended draft. Volunteers felt that there were two similar questions; these are “I 
found the VE motivated me” and “the VE used was boring/not interesting”. It was thus 
decided to delete the first “I found the VE motivated me”.
Table 6.3: Questionnaire form B.
Initial Draft Final Version
No Question No Question
The first Image (Part 1)
01 Image contrast was satisfactory Ql Image contrast was satisfactory
Q2 Image brightness was satisfactory 02 Image brightness was satisfactory
Q3 The image looked 3D 03 The image looked 3D
04 The overall quality of the 3D image was satisfactory 04 The overall quality of the 3D image was satisfactory
The Second Image (Part 2)
05 Image contrast was satisfactory 05 Image contrast was satisfactory
06 Image brightness was satisfactory 06 Image brightness was satisfactory
07 The image looked 3D 07 The image looked 3D
08 The overall quality of the 3D image was satisfactory' 08 The overall quality of the 3D image was satisfactory
Locally Developed Scenario (Part 3)
09 The brightness of the virtual environment (VE) was 
satisfactory
09 The brightness of the virtual envirormient was satisfactory
QIO The overall quality of the VE was satisfactory QIO The overall quality of the virtual environment was 
satisfactory
O il The VE looked 3D O il The virtual environment looked 3D
Q12 The interaction between the VE and the treadmill was 
satisfactory
Q12 The interaction between the virtual environment and the 
treadmill was satisfactory
013 It was easy to control the VE objects 013 It was easy to control the virtual environment objects 
(hand, balloons)
014 1 found the VE motivated me Delete it
015 The VE used was boring/not interesting 014 The virtual environment used was boring
WorldViz Scenario ( Part 4)
016 The brightness of the VE was satisfactory 015 The brightness of the virtual environment was satisfactory
017 The overall quality of the VE was satisfactory 016 The overall quality of the virtual environment was 
satisfactory
018 The VE looked 3D 017 The virtual environment looked 3D
*019 It was easy to control the VE objects 018 It was easy to control the virtual environment objects
Q20 1 found the VE motivated me Delete it
Q21 The VE used was boring/not interesting Q19 The virtual environment used was boring
Self Selected Speed (Part 5)
Q22 Ability to accelerate from stop Q20 Ability to accelerate from stationary
023 The comfort of accelerating from stop 021 The ease of accelerating from stationary
Q24 Ability to change from one constant speed to another 
constant speed
Q22 Ability to change from one constant speed to another 
constant speed
025 The comfort of changing from one constant speed to 
another constant speed
Q23 The ease of changing from one constant speed to another 
constant speed
026 Stop comfortably Q24 Stop comfortably
027 Ability to maintain constant speed Q25 Ability to maintain constant speed
Q28 The comfort of walking at constant speed Q26 The comfort of walking at constant speed
Self Controlled Speed (Part 6)
029 Ability to accelerate from stop Q27 Ability to accelerate from stationary
030 The comfort of accelerating from stop Q28 The ease of accelerating from stationary
Q31 Ability to change from one constant speed to another 
constant speed
Q29 Stop comfortably
Q32 The comfort of changing from one constant speed to 
another constant speed
Q30 The ease of changing from stationary to : 
A. A normal s e l f  s e le c te d
033 Stop comfortably 13. A maximum s e l f  s e le c te d
Q34 Ability to maintain constant speed C. A slow s e l f  s e le c te d  s p e e d
035 The comfort of walking at constant speed
None
031 Ability to maintain:
A. A normal s e l f  s e le c te d
B. A maximum s e l f  s e le c te d
C. A slow s e l f  s e le c te d  s p e e d
032 In general, the ability to maintain speeds
Q33 In general, the ease of changing speeds from stationary
g34 Did you walk at what you consider to be your fastest 
speed?
035 Do you have any further comments would you like to add?
Virtual City (Part 6)
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036 The brightness of the virtual city was satisfactory Q36 The brightness of the virtual city was satisfactory
037 The virtual city looked 3D Q37 The virtual city looked 3D
038 The virtual balls looked 3D Q38 The virtual balls looked 3D
Q39 The interaction between the virtual city and the 
treadmill was satisfactory
Q39 The interaction between the virtual eity and the treadmill 
was satisfactory
040 The perception of the virtual balls in the virtual 
environment was satisfactory
Q40 The perception of the virtual balls in the virtual 
environment was satisfactory
Q41 I was able to change easily from one constant speed to 
another constant speed
Q41 I was able to change easily from one constant speed to 
another constant speed
Q42 I found the virtual city scenario motivated me to use 
the treadmill with self controlled speed
Q42 I found the virtual city scenario motivated me to use the 
treadmill with self controlled speed
043 Do you have any further comments would you like to 
add?
Q43 Do you have any further comments would you like to add?
General Questions (Part 7)
Q44 This system helped me to increase my knowledge of 
virtual reality
Q44 This system helped me to increase my knowledge of 
virtual reality
045 This system motivates me to use the treadmill without 
virtual reality
Q45 This system motivates me to use the treadmill without 
virtual reality
046 This system motivates me to use the treadmill with 
virtual reality
Q46 This system motivates me to use the treadmill with virtual 
reality
047 I was able to change easily from one constant speed to 
another constant speed
Delete it
048 I would like to use this system again Q47 I would like to use this system again
049 This system makes me feel dizzy Q48 This system makes me feel dizzy
Q49 If you have any further comments on the system you have 
used today, please write them below
6.2.4 The Investigation Protocol
For each participant, participation in the investigation required one visit to the Gait 
Laboratory, Duke of Kent Building, at the University of Surrey. The investigation lasted 
approximately an hour. On arrival, a copy of the information sheet and a consent form 
were provided and the participants were then encouraged to ask questions after reading 
the information sheet. They were then asked to complete Questionnaire A (see Table 6.1) 
to check the screening questionnaire had been completed correctly and to provide the 
investigator with a general view of their familiarisation with 3D and VR display systems. 
They were then asked to complete and sign the consent form. The Laboratory was 
darkened for the purpose of the investigation to minimise visual distractions. The 
investigation was divided into three stages as follows:
6.2.4.1 Stage One:
Stage one was designed to explore the overall quality of the SVRS presentation of 3D 
static images. The participants were asked to sit themselves on a chair (see Figure 6.1) 
and to wear passive polarised spectacles that create the illusion of the 3D images. They 
were then asked to watch two 3D static images, for 20 seconds each, projected onto a 
large screen (approximately 3m x 3m). After watching each image, the participants were 
asked to complete a part of the questionnaire B (see Table 6.2).
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Figure 6.1: A participant watching the second of two 3D static images
6.2.4.2 Stage Two:
The aim of this stage was to investigate the overall quality of the SVRS presentation of 
3D environments and the integration performance of the treadmill (when using its 
conventional speed buttons) and 3D virtual environment. Participants who were 
unfamiliar with walking on a treadmill, were given the opportunity to practise walking on 
it. Participants were then asked to watch and play the in-home developed VR scenario 
(the design of this scenario was outlined in chapter five) for 180 seconds. During this, 
they were asked to carry a hand held pointer as shown in Figure 6.2, the position of the 
pointer in 3D space is determined by the motion capture system. The pointer allows the 
participants to control a virtual hand on the screen. The virtual hand was used to pop 
virtual balloons that appeared throughout this 3D scenario. The scenario was designed to 
encourage the participants to pop as many balloons while they walked on treadmill 
interfaced to the VR scenario at a self selected speed. At the end of this scenario, they 
were asked to complete part three of a questionnaire (see Table 6.1).
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Figure 6.2: A research participant using the Surrey Virtual Reality System in the Gait Laboratory 
during the home developed scenario. A: a marked pointer; B and C: motion tracking cameras; and
D: the Wood Way treadmill
After that, the participants were asked to watch and play a 3D scenario developed by 
WorldViz (WorldViz LLC, USA). Figure 6.3 shows a participant who was asked to fire a 
virtual ball at virtual ducks by using a computer mouse, the scenario lasted for 180 
seconds. After this time, they were asked to complete a section of the questionnaire.
Figure 6.3: A research participant playing a 3D game developed by WorldViz
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6.2.4.3 Stage three:
The third stage of the present investigation aimed at evaluating the usefulness of the 
RTSCA. The participants were asked to complete two treadmill tests.
Test One:
Test one was designed to determine the participants’ normal, slow, and fastest 
comfortable walking speeds, when using the treadmill speed control buttons. The test was 
based on three trials:
A. In the first trial, the participants were asked to start walking on the treadmill and 
to adjust the speed by using the treadmill speed buttons until they felt they were 
walking at what they considered as their normal walking speed. The speed was 
monitored and they were asked to maintain that speed for a further 20 seconds. 
After this time, the participants were asked verbally to reduce their speed to zero 
gradually.
B. In the second trial, the participants were asked to follow the same procedure as in 
the first trial, but in this time, they were asked to walk at what they considered as 
their maximum walking speed.
C. In the third trial, the participants were asked to start walking on the treadmill as 
explained above to reach what they considered their slow comfortable walking 
speed. Once they reached that speed they were asked to maintain it for 20 seconds. 
After that time, they were then asked to reach what they considered as their 
normal walking speed and then to maintain that speed for a further 20 seconds. 
After this time, they were asked to reach what they considered as their maximum 
walking speed and then to maintain it for a further 20 seconds. Then, they were 
asked verbally to stop safely by reducing their speed gradually to zero.
At the end of this test, the participants were asked to complete part four of the 
questionnaire.
Test Two:
This test was designed to evaluate the overall performance of the RTSCA. The 
participants were asked to walk on the treadmill when using the RTSCA that is also called 
in the questionnaire B the Self Controlled Speeds (SCS), for four trials. Each trial was 
started with the participants standing (see Figure 6.4) on the treadmill origin point on the
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Stationary treadmill. After checking that the motion capture system tracked all reflective 
markers that were placed on the participants’ pelvis and feet, they were asked to walk 
forward slowly to complete the trials. They were asked to complete the first three trials 
following the procedure mentioned in test one. At the end of the third trial, the 
participants were asked to complete a section of the questionnaire.
In the fourth trial, the participants were asked to walk forward slowly to reach their 
appropriate walking speed as explained above, but in this trial, they were free to walk 
safely at any speed. This enabled them to walk across a virtual city by controlling their 
walking speed on the treadmill that was interfaced with the virtual environment. In this 
trial, they were asked to avoid a virtual ball -that appeared for five seconds- colliding with 
the main view by adjusting their real walking speed on the treadmill. At the end of this, 
the participants were asked to complete the remaining parts of the questionnaire.
Figure 6.4: A healthy adult volunteer using the Wood Way treadmill as 
part of the Surrey Virtual Reality System in Gait Laboratory, 
University of Surrey. A: pelvis cluster -  a sprung loaded frame with 3- 
point contact to calculate the origin of the pelvis segment; B: markers 
on feet; C: motion capture camera
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6.3 Results and Discussion
6.3.1 Ethical Proposal
Ethical approval for this pilot investigation was required from the University of Surrey. 
An application that consisted of the following documents was eompleted and then 
submitted to the University Research Ethics Committee:
• Participants information sheet and screening questionnaire
• Consent form
• Participants’ questionnaire A
• Participants’ questionnaire B
• Risk assessment for the study
• Study protocol
• Health insurance
The committee reviewed the first draft and based on it they asked the author to respond to 
the following in order to grant the approval for the investigation:
• The committee members wondered whether there was any first aid support to
cover any minor accidents and what would happen in the event of a more serious
accident. The response was that the current guidance for first aid/emergency cover 
within the Duke of Kent building is to make emergency call to the security in the 
University who assists and call the emergency services as necessary. The 
committee was also informed that first aid kits are available on levels four and 
five, and at reception in the Duke of Kent building (the Gait Laboratory is on the 
same level as reception).
• The committee members felt that the information sheet for participants should 
state that polarised spectacles will be worn. They also found the information sheet 
was too technical in some places and full of jargon. They suggested to move two 
paragraphs and to rephrase the statement "We can cover your face in any 
photograph ...” in order to make it clear for participants. Following these 
comments, the information sheet was revised in order to improve the readability of 
it. The statement was rephrased to "There is a section on the consent form fo r  you
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to give your permission for this, and i f  permission is given whether the images 
must be anonymised before use. I f  you are happy for images to be used 
anonymously, we will cover your face with a black square"
For screening questionnaire, the eommittee members asked the author to eomment 
on whether he thinks just asking applicants if they have epilepsy is enough to 
eliminate the risk of anyone having an epileptic episode. Does the author involve 
lights that are different from those encountered in everyday life? The author 
responded that he would not claim that asking people if they have epilepsy is 
enough to eliminate the risk of anyone having an epileptic episode. However, he 
felt that it was an important question to ask. To reduce the risk further, the author 
extended the scope of the screening questionnaire as shown in Table 6.4. The 
author confirmed that the lighting used was no different to that encountered in 
everyday life.
The committee members suggested to reword question eight of the screening 
questionnaire making explicit the medical problems that might be experienced and 
would count as an excluding factor. Based on this and the previous eomment, the 
screening questionnaire was revised.
Other minor suggestions were made by the eommittee members on some English 
words such as to use “Responses” rather than “Responds”, and “stationary” 
instead of “stop”.
Table 6.4: Screening Questionnaire
No. Initial Draft Revised (Final) Draft Scale
Please tick the "Yes” or "No” box as appropriate for the following questions.
1. Are you a healthy adult aged 18 to 25? Are you a healthy adult aged 18 to  25? □
Yes
□
No
2. Have you any medical conditions that had affected 
your vision or walking ability in the past six months?
Have you any medical conditions th a t had affected  
your vision or walking ability in the  past six months?
□
Yes
□
No
3. Do you experience dizziness during or after walking 
for 10 minutes continuously?
Do you experience dizziness during or after walking 
fo r 10 minutes continuously?
□
Yes
□
No
4. Are you unable to perform walking exercise for 10  
minutes w ithout taking a rest?
Are you unable to perform walking exercise for 10  
minutes w ithout taking a rest?
□
Yes
□
No
5. Do you have uncorrected problems with your vision? Do you have un corrected problems with your 
vision?
□
Yes
□
No
6. Do you experience dizziness during or after 
watching/using TV, PC, etc.?
Do you have photosensitive epilepsy? □
Yes
□
No
7. Do you have photosensitive epilepsy? Do you ever experience headaches as a result of 
watching/using a TV or PC for up to 30  minutes?
□
Yes
□
No
8. Do you ever experience any medical problems during 
or after watching/using TV, PC, etc. (headaches 
....etc)?
Do you ever experience dizziness as result of 
w atching/ using a TV or PC for up to 30  minutes?
□
Yes
□
No
9. None Do you ever experience nausea as a result o f 
w atching/ using a TV or PC for up to  30  minutes?
□
Yes
□
No
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All revised documents were then sent to the University Research Ethics Committee who 
granted the Ethical approval (see appendix E for approval letter and all final documents) 
to perform this pilot investigation in the Gait Laboratory at the University of Surrey.
6.3.2 Research Participants
An invitation email was sent to all student email lists of the University of Surrey. The 
invitation email contained a brief description of the investigation and the following 
inclusion criteria:
• Female or male aged between 18 and 25 years
• Ability to walk 10 minutes continuously at a self selected fast speed with or 
without any walking aids
• No evidence of photosensitive epilepsy
• Ability to answer No all questions on a simple screening questionnaire as shown 
in Table 6.4.
Potential participants who contacted the author were given the information sheet (that 
contains all of the necessary information required for participants to give their consent to 
undertake the study) to keep and then, asked to complete a self assessment screening 
questionnaire shown in Table 6.4. Potential participants who ‘passed’ the screening were 
asked to contact the author to arrange a convenient study time.
Thirteen young able-bodied adults (8 male, and 5 female) from 19 to 25 years (mean age 
was 22.15), whose data is summarised in Table 6.5, who met the inclusion criteria 
participated in this investigation.
Participant ID Gender Age Participant ID Gender Age
SVRSOIRS Female 25 SVRS07AD Male 24
SVRS02MU Male 23 SVRS08LP Female 19
SVRS03JS Male 22 SVRS09SS Female 23
SVRS04KF Male 20 SVRSIOLV Male 21
SVRS05EH Female 25 S V R S llM A Male 20
SVRS06AT Male 24 SVRS12RC Female 22
SVRS13MD Male 20
6.3.3 Data Analysis
As mentioned earlier, the investigation was based on responses to questionnaire B that 
had three components. The first comprises 24 questions on the quality of the SVRS
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presentation of 3D static images and 3D VR scenarios. The second component consists of 
16 questions on the overall performance of walking on the treadmill. The third component 
comprises five questions on the overall usefulness of the SVRS. Three open-ended 
questions were also asked with the aim to enable the participants to express their 
perspectives on the SVRS.
The descriptive analysis and derived findings were obtained by using the Statistical 
Package for the Social Science (SPSS) software for Windows and Microsoft Excel 2007 
and based on discussions with and guidelines from the Statistical Consultant (Mr Peter 
Williams) at the University of Surrey. The data obtained by the open-ended questions and 
the discussion with the author at the end of the investigation were used to review the 
descriptive results of the closed-ended questions. For the responses to the closed-ended 
questions that were based on the Likert scale, the responses to “Strongly Agree” and 
“Agree” considered as a “very Positive Response”, while the responses to “Disagree” and 
“Strongly Disagree” recognised as “Very Negative Response”, both were illustrated with 
the actual responses.
For the reliability, the Cronbach’s alpha test was conducted to examine the consistency 
between relating questions where it was possible. The high reliability considered in this 
study only if the alpha value was greater than 0.7.
For the responses to questionnaire A, the data were presented in the following subsection 
and used later with the results obtained from questionnaire B to understand the link 
between the responses to some questions relating to the presentation quality and walking 
on the treadmill and QA2 and QA3.
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6.3.4 Responses to Questionnaire A
The responses to QA2 and QA3 are summarised in Figure 6.5.
13
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QA2: Have you ever used a 
treadmill in the past?
QA3: Do you have any 
knowledge of 3D display 
systems?
■  Yes 10
I  No
Figure 6.5: Responses to QA2 and QA3 
In a direct question (QA3) on the participants’ knowledge and experience of a 3D system, 
seven of them have watched a 3D film in the past, but they do not have enough 
knowledge of any 3D systems. For QA2, the results show that three participants had 
never used a treadmill prior to the study. The results suggest that those who walked on a 
treadmill in the past have used it in the gym either regularly or occasionally.
6.3.5 Perspectives on 3D Static Images
For the purpose of exploring the perspectives on the presentation quality of the SVRS 
through presenting two 3D static images, eight questions (see Table 6.6) based on a Likert 
scale were completed by the participants.
No Questions
The first image
Ql Image contrast was satisfactory
Q2 Image brightness was satisfactory
Q3 The image looked 3D
Q4 The overall quality o f the 3D image was satisfactory
The Second Image
Q5 Image contrast was satisfactory
Q6 Image brightness was satisfactory
Q7 The image looked 3D
Q8 The overall quality o f the 3D image was satisfactory
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Responses for these questions are summarised in Figure 6.6.
0
Q l Q2 Q3 0 4 0 5 0 6 0 7 0 8
■  V ery Positive R esponse 10 9 11 10 13 13 13 9
■  Strongly A gree 4 4 5 5 7 7 8 5
■ A g re e 6 5 6 5 6 6 5 3
■  N eith er A gree o r  D isagree 3 1 1 0 0 2
■  Disagree 0 3 2 2 0 0 0 2
■  Strongly D isagree 0 0 0 0 0 0 0
■ Very Negative R esponse 0 3 2 2 0 0 0 2
Figure 6.6: The research participants' responses to questions on the two 3D 
static images presented by using the SVRS
In order to measure the internal consistency of this part of the questionnaires following
the approach explained above, the alpha coefficient was computed three times based on
the Cronbach's alpha test. These were: between Q l- Q4; Q5-Q8; Q1-Q8. The Cronbaeh's
alpha values for these tests are summarised in Table 6.7.
Table 6.7: Reliability Test of Questions used to measure perspectives on the
Items Cronbach's
Alpha
Q1-Q4 0.872
Q5-Q8 0.817
Q1-Q8 0.881
As the alpha coeffieient values obtained from small data, it was suggested by the 
statistician at the University of Surrey to determine the degree of correlation between 
these questions in order to prove the reliability values. The correlation between the 
questions on each image was interpreted by using the Bivariate correlation and 
Spearman’s rho (non-parametric correlation method). The results of these tests are 
summarised in Table 6.8.
First Image
Ql Q2 Q3 Q4
Q2 Spearman's rho 0.84 1.0 0.75 0.78
Pearson 0.78 1.0 0.57 0.66
Q3 Spearman's rho 0.64 0.75 1.0 0.8
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Pearson 0.42 0.57 1.0 0.9
Q4 Spearman's rho 0.67 0.78 0.8 1.0
Pearson 0.51 0.66 0.9 1.0
Second Image
Q5 Q6 Q7 Q8
Q6 Spearman's rho 1.0 1.0 0.54 0.52
Pearson T.O :: 1 1.0 :: 0.54 0.52
Q7 Spearman's rho 0.54 0.54 1.0 0.5
Pearson 0.54 0.54 1.0 0.51
Q8 Spearman's rho 0.52 0.52 0.5 1.0
Pearson 0.52 0.52 0.51 1.0
To investigate whether there is a relationship between the perspeetives of partieipants on 
the quality of 3D images presented by using the SVRS and their knowledge of 3D 
systems, a eross table between responses to Q4 and Q8, and responses to QA3 was 
suggested by the statistician at University of Surrey. This table was used to explore if 
there is a joint distribution of the responses to questions as ean be seen in Table 6.9.
Table 6.9: Cross table of the participants’ knowledge and experience of a 3D system cross table
Do you have any know ledge o f 3D display systems? (QA3)
No Yes
Q4 Strongly Agree 3.0 2.0
Agree 1.0 4.0
Neither Agree or Disagree 0.0 1.0
Disagree 2.0 0.0
Q8 Strongly Agree 3.0 2.0
Agree 2.0 4.0
Neither Agree or Disagree 1.0 0.0
Disagree 0.0 1.0
From Figure 6.6, the majority (with at least nine participants) of the participants were 
satisfied with the overall presentation quality of the 3D static images, in contrast, two of 
them dissatisfied (Q4 and Q8). For Q3 and Q6 the results are very positive; 11 
participants strongly agreed or agreed to the first image presented as 3D through the 
SVRS, and all of them strongly agreed or agreed to the second image presented as 3D. 
The difference that is noticed in the responses for the two images might be due to the 
different nature of the 3D depth of the two images. For example, the second image has 
more details which ean make the 3D depth clearer compared to the first. This was also 
reported by a participant during the open discussion with the author. The participant 
stated that "the lion’s head and tail with the building made me to see how the lion far  
from white building (SIC)”
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To investigate the satisfaction level of watching and the visibility of 3D images on screen, 
the perspeetives on brightness and contrast of the two images were evaluated through the 
response to Q l, Q2, Q5, and Q6. All partieipants were satisfied with the contrast and 
brightness of the second image, whilst nine of them agreed or strongly agreed with the 
first image.
For the reliability of the questions outlined in Table 6.7, the results show that alpha values 
are greater than 0.7 which can lead to suggest that the questions used were highly reliable. 
This might show the validity of measuring the presentation quality of 3D images when 
using the SVRS based on these questions. The correlation values are found statistically 
positive with correlations ranging from moderate to high. In this thesis the correlation 
level is described as high, moderate and low if it is greater than 0.6, 0.3, and 0.1, 
respectively [Benoit, 2010].
For the results presented in Table 6.9, it ean be noticed that there may not be a 
relationship between the perspeetives on the presentation quality of the SVRS and the 
previous experience of either watching 3D film or have knowledge about any 3D systems. 
This finding is also suggested by computing the correlation between these questions, 
which was found statically low as shown in Table 6.10.
Table 6.10: Values of correlation between Q4 and Q8, and QA3
Do you have any knowledge 
of 3D display system s? (QA3)
Q4 Spearman's rho 0.0
Pearson -0.15
Q8 Spearman's rho 0.18
Pearson 0.19
To sum up, the results presented in this subsection suggest that the SVRS allowed 
partieipants to watch two 3D static images with adequate level of the presentation quality. 
This leads to conclude that the SVRS can be used with its current set-up to present 3D 
static images with acceptable level of 3D presentation to users. The results of the 
Cronbaeh's alpha test show an adequate to good degree of measuring reliability of 
questions used in this subsection.
6.3.6 Perspectives on two 3D Scenarios
Eleven questions (see Table 6.11) were used to evaluate the perspeetives on the 
following:
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• The overall integration between the home developed VR scenario and the 
treadmill
• The presentation quality of the SVRS through presenting the home developed VR 
scenario and the WorldViz developed VR scenario
• The level of motivation and the ease of use of the SVRS during both VR scenarios 
Table 6.11: Questionnaires for VR scenarios
No Question
Home Developed Scenario
Q9 The brightness o f the virtual environm ent was satisfactory
QIO The overall quality o f the virtual environm ent was satisfactory
Q ll The virtual environm ent looked 3D
Q12 The interaction between the v irtual environm ent and the treadm ill was satisfactory
Q13 It was easy to  control the virtual environm ent objects (hand, balloons)
Q14 The virtual environm ent used was boring
WorldViz Scenario
Q15 The brightness o f the virtual environm ent was satisfactory
Q16 The overall quality o f the virtual environm ent was satisfactory
Q17 The virtual environm ent looked 3D
Q18 It was easy to  control the virtual environm ent objects
Q19 The virtual environm ent used was boring
Figure 6.7 presents responses of participants to questions outlined in Table 6.9.
13
12
11
Q12Q15 QIO Q16 Q ll Q17 Q13 Q18 Q14 Q19Q9
■  Very Positive Response 10 1313 13 11 13
■  Strongly Agree
■A gree
■  Neither Agree or Disagree
■  Disagree
■  Strongly Disagree
■ Very Negative Response
Figure 6.7: The research participants' responses to questions on the home-developed and 
Wroldviz VR scenarios presented through the SVRS. The questions in this figure are 
ordered based on the aim of the questions in both VR scenarios. For example, Q9 and 
Q15 were used to measure the same construct (brightness) in both VR scenarios.
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To measure the reliability of questionnaire used in this subsection, the internal 
consistency of Q9, QIO, Q15, and Q16 was computed using Cronbach's alpha test. The 
results of this test shown in Table 6.12
Table 6.12: Reliability test of questions used to measure perspectives 3D VR scenarios
Items Cronbach's
Alpha
Q9 and QIO 0.81
Q15 and Q16 0.84
Q9, QiO, Q15, and Q16 0.73
Table 6.13 shows the results of correlation between Ql l ,  Q17, and QA3, which was 
computed to figure out if there is a joint distribution of the responses to these questions.
Table 6.13: Values of correlation between Q ll and Q17, and QA3
Do you have any knowledge 
of 3D display systems? (QA3)
Q ll Spearman's rho 0.24
Pearson 0.24
Q17 Spearman's rho 0.10
Pearson 0.0
Q ll
Q17 Spearman's rho 0.73
Pearson 0.70
The results presented in Figure 6.7 show that the overall presentation quality (QIO and 
Q16) of the home developed VR scenario and the WorldViz scenario was found to be 
satisfactory for all participants. For Q ll and Q17, seven participants responded ‘strongly 
agree’ and six of them responded ‘agree’ that the home developed VR scenario looked 
3D, with at least 11 of them either strongly agreed or agreed with the WorldViz scenario 
presented as a 3D environment. Despite this, the results regarding the 3D presentation are 
positive enough to suggest that the SVRS presented both VR scenarios with adequate 
presentation quality.
The responses to Q9 and Q15 show that the majority (12) of the participants found the 
level of the brightness of both VR scenarios was satisfactory. In terms of the ease of use 
of the SVRS, the participants found controlling virtual objects in the home developed 
scenario easy (Q13). In contrast, two of them either agreed or disagreed and equally 
disagreed that controlling the virtual objects in the WorldViz scenario was easy (Q18). 
To measure the enjoyment level of using the VR scenarios, the responses to QI4 and Q19 
show that at least four participants were satisfied with the motivation level of playing 
both scenarios. With regard to how they perceived the level of acceptance of the
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interaction between the VR environment and the treadmill using its conventional speed 
buttons, the participants were completely satisfied as can be noticed from their response 
to Q12. As documented in the previous subsection, there is no statistical relationship 
between the perspectives on the VR scenarios and the experience of watching the 3D film 
as shown in Table 6.13.
For the reliability of questions used in this subsection, the results presented in Table 6.12 
show that the Cronbach's alpha values indicate that the responses regarding the 
presentation quality were found to be reliable which may suggest that the questions used 
are designed well to measure perspectives of 3D VR scenarios. This has also been shown 
by the high correlation between Q ll and Q17, which presented in Table 6.13.
In summation, the results discussed in this subsection show that the SVRS presented the 
3D VR scenarios with adequate level of 3D presentation. Although both VR scenarios 
were simple and had only one action to be achieved, some participants did not feel the 
scenarios boring. For the overall integration between the treadmill and the home 
developed VR environment, the results show that the participants were satisfied. This has 
led to suggest that the integration used is sufficient to be used with other VR scenarios in 
future.
6.3.7 Perspectives on the treadmill when using Self Selected Speed (SSS)
Seven questions (see Table 6.14) were asked to examine the perspectives on walking on 
the treadmill when using its conventional speed buttons, prior to evaluating the 
performance of the treadmill speed control algorithm.
No Question
Self Selected Speed
Q20 A bility  to  accelerate from  stationary
Q21 The ease o f accelerating from  stationary
Q22 Ability  to  change from  one constant speed to  another constant speed
Q23 The ease o f changing from  one constant speed to  another constant speed
Q 24 Stop com fortably
Q25 Ability  to  maintain constant speed
Q26 The com fort o f walking at constant speed
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For Figure 6.7 summarises the responses to these questions.
0
Q 20 Q21 Q22 Q23 Q 24 Q25 Q26
■  W orse  th an  norm al o v er-g ro u n d  walking 4 2 2 3 4 0 3
■  C om parable  to  norm al o v er-g ro u n d  
walking
7 7 7 7 6 9 7
■  B ette r than  norm al o v e r-g ro u n d  w alking 2 4 4 3 3 4 3
Figure 6.8; The research participants' responses to questions on the their walking 
experience on the treadmill when using its conventional speed buttons
In the light of results presented in Figure 6.8 it was eonsidered neeessary to see if there 
were a relationship between the responses of those who have used a treadmill before and 
those who had not used a treadmill prior to the study. A cross table (see Table 6.15) was 
suggested to be used in order to explore a joint distribution between questions outlined in 
Table 6.14 and QA2.
Have you ever walked on a treadmill in the past? 
(QA2)
No Yes
Q20 W o rs e  th a n  no rm a l o v e r-g ro u n d  w a lk in g 1 .0 3 .0
C o m p a ra b le  to  n o rm a l o v e r-g ro u n d  w a lk in g 2 .0 5 .0
B e tte r  th a n  n o rm a l o v e r-g ro u n d  w a lk in g 0 .0 2 .0
Q21 W o rs e  th a n  n o rm a l o v e r-g ro u n d  w a lk in g 1.0 1 .0
C o m p a ra b le  to  n o rm a l o ve r-g ro u n d  w a lk in g 2 .0 5 .0
B e tte r  th a n  n o rm a l o v e r-g ro u n d  w a lk in g 0 .0 4 .0
Q22 W o rs e  th a n  n o rm a l o ver-g ro u n d  w a lk in g 2 .0 0 .0
C o m p a ra b le  to  n o rm a l o ver-g ro u n d  w a lk in g 0 .0 7 .0
B e tte r  th a n  n o rm a l o v e r-g ro u n d  w a lk in g 1 .0 3 .0
Q23 W o rs e  th a n  no rm a l o ve r-g ro u n d  w a lk in g 1 .0 2 .0
C o m p a ra b le  to  no rm a l o ve r-g ro u n d  w a lk in g 2 .0 5 .0
B e tte r  th a n  no rm a l o v e r-g ro u n d  w alk in g 0 .0 3 .0
Q24 W o rs e  th a n  n o rm a l o ver-g ro u n d  w a lk in g 1 .0 3 .0
C o m p a ra b le  to  no rm a l o v e r-g ro u n d  w a lk in g 1 .0 5 .0
B e tte r  th a n  n o rm a l o ve r-g ro u n d  w a lk in g 1.0 2 .0
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Q25 Worse than normal over-ground walking 0.0 0.0
Comparable to normal over-ground walking 2.0 7.0
Better than normal over-ground walking 1.0 3.0
Q26 Worse than normal over-ground walking 0.0 3.0
Comparable to normal over-ground walking 2.0 5.0
Better than normal over-ground walking 1.0 2.0
The responses to Q26 as can be seen in Figure 6.8 show that ten participants found the 
comfort of stopping walking on the treadmill to be comparable to or better than what they 
do during the over-ground walking. In the open discussion, three participants excused 
their discomfort to walk at a constant speed to difficulty with getting the right normal 
walking speed. This might be due to the fact that at each time the participants tried to 
increment the treadmill speed it was increased about 0.1 m/s. This might make it difficult 
to reach the right comfortable walking speed. For the ability to maintain walking speeds 
on the treadmill (Q25), all the participants found it comparable to or better than over­
ground walking. Seven participants found the ability and ease of accelerating (Q20 and 
Q21) from stationary on the treadmill as comparable to accelerating during normal over­
ground walking. On the other hand, two of them reported that accelerating from stationary 
on the treadmill was worse than normal over-ground walking. Seven participants 
responded that the ease and the ability to change from one constant speed (Q22) to 
another were comparable to what they do during their normal over-ground walking.
For Table 6.15, the results show that a participant of those who had never walked on a 
treadmill prior to this study and three of those who have used a treadmill before reported 
that their ability to change from one constant speed to another (Q22) was better than in 
over-ground walking. On the contrary, for the same question (Q22), two of those who did 
not use a treadmill before and none of those who have used a treadmill before found it 
worse than in over-ground walking. With regard to the ease of changing from one 
constant speed to another (Q23), a participant of those who never used a treadmill before 
and two of those who have used it before, found it to be worse than over-ground walking. 
As a majority of the participants have used a treadmill in the past, it is difficult to draw 
any conclusions from the results shown in Table 6.15.
To sum up, the majority of the participants generally found walking on the treadmill when 
using its speed buttons comparable to over-ground walking. During the session, it was
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observed all partieipants walked on the treadmill safely, whieh eneouraged the author to 
ask them to walk on the treadmill over the RTSCA mode.
6.3.8 Perspectives on the treadmill when using the RTSCA
To explore the perspeetives on the performanee of the treadmill speed eontrol algorithm, 
nine questions (see Table 6.16) were asked.
Table 6.16: Questionnaires for Self Controlled Speed
No Questions
Self Controlled Speed
Q27 Ability  to  accelerate from  stationary
Q28 The ease o f accelerating from  stationary
Q29 Stop com fortably
Q30 The ease o f changing from  stationary to  :
A. A normal self selected
B. A maximum self selected
C. A slow self selected speed
Q31 Ability to  maintain:
A. A normal self selected
B. A maximum self selected
C. A slow self selected speed
Q32 In general, the ability to  maintain speeds
Q33 In general, the ease o f changing speeds from  stationary
Q 34 Did you walk at w hat you consider to  be your fastest speed?
Q35 Do you have any fu rther comments would you like to  add?
The responses to questions (Q27-Q31) are summarised in Figure 6.9.
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Figure 6.9: The research participants' responses to questions on the their walking 
experience on the treadmill when using its developed speed algorithm
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Figure 6.10 shows the responses to Q32 and Q33, while the results of Q34 presented in 
the diseussion below.
■  W orse Than Self Selected Speed
Comparable to the Self Selected Speed
Better Than the Self Selected Speed
Figure 6.10: The research participants' responses to questions on their walking 
experience on the treadm ill when using its developed speed algorithm 
com pared to the use o f  its conventional speed buttons
Table 6.17 shows results of Cronbach's alpha test and correlation between Q27, Q28, and
Q29, which could determine the consistency of the participants’ responses to the
questions used in this subsection.
Correlation
Q28 Q29
Q27 Pearson Correlation 0.679 0.637
Spearman's rho 0.624 0.589
Q28 Pearson Correlation 1.0 0.568
Spearman's rho 1.0 0.502
Cronbach's Alpha Test
Items Cronbach's
Alpha
Q27, Q28, and Q29 0.83
To detemiine whether there is a relationship between the responses to these questions and 
the participants’ walking experience on a treadmill, a cross table was generated as shown 
in Table 6.18. The correlation between these questions was also computed. Table 6.19 
summaries the results of correlation tests.
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Table 6.18: A cross table between QA2 and Q27-Q29
Have you ever w alked on a treadm ill in the  
past? (QA2)
No Yes
Q27 Worse than normal over-ground walking 1.0 3.0
Comparable to  normal over-ground 
walking
2.0 6.0
Better than normal over-ground walking 0.0 1.0
Q28 Worse than normal over-ground walking 2.0 3.0
Comparable to  normal over-ground 
walking
1.0 6.0
Better than normal over-ground walking 0.0 1.0
Q29 Worse than normal over-ground walking 1.0 2.0
Comparable to  normal over-ground 
walking
2.0 7.0
Better than normal over-ground walking 0.0 1.0
Table 6.19: Values of correlations between QA2 and Q27-Q29.
Have you ever used a treadm ill in the past? (QA2)
Q27 0.09
Pearson 0.1
Q28 0.33
Pearson 0.33
Q29 0.18
Pearson 0.18
For Q27 and Q28, at least eight participants reported that the ability and the ease of 
accelerating from stationary were comparable to and/or better than, what they do during 
over-ground walking. Nine participants felt that the RTSCA enabled them to stop walking 
on the treadmill comfortably (Q29). 11 participants maintained their normal walking 
speed (Q31A) on the treadmill as or better than what they do naturally, while four and 
seven of them maintained their maximum (Q31B) and slow (Q31C) walking speeds as 
they do naturally, respectively. With regard to perceived perspectives on the ease of 
changing from stationary to normal (Q30A), maximum (Q30B), and slow (Q30C) 
walking speeds nine, seven, and ten of the participants responded “comparable to normal 
over-ground walking”, respectively. As the maximum speed that can be obtained through 
the use of the treadmill speed control algorithm was 1.8 m/s, a specific question (Q34) 
was generated with the aim to figure out whether the participants walked at what they 
consider to be their fastest walking speed. The results are unexpected, ten participants felt 
that they did not walk on their fastest speed. In an open-ended question (Q35), the 
participants were asked whether they have any further comments regarding their 
experience of walking on the treadmill, when using the RTSCA. Comments made by
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participants were mainly about the fastest walking speed; for example, a participant 
commented that ''I fe lt that I  could walk faster but the system did not give more speed' 
another participant also stated that “/  did not reach my fast speed at the end o f  the 
treadmill". As the participants did not feel they walked at their fastest walking speed 
when they used the treadmill speed control algorithm, a question that was raised is that: 
why the participants did not feel they walked at their fastest speed although the 
maximum speed that can be reached when using the RTSCA was similar to their 
maximum walking speed that was recorded during their use of the treadmill speed 
buttons? The answer of this question is outlined in the subsection 6.3.11.
In the light of the results that are presented in Table 6.17, it can be documented that the 
correlation between these items (Q27-Q29), was statistically at least moderate which 
might lead to suggest that the responses were consistent. To prove this conclusion, 
Cronbach's alpha value for these items (Q27-Q29) was also computed. The alpha value 
(see Table 6.17) could also indicate that the responses to questions outlined in this 
subsection were found to be reliable.
To determine whether the experience of walking on a treadmill prior this study had 
affected their perspective on using the RTSCA, the statistical correlation between QA2 
and Q27 to Q29 was computed. The results presented in Table 6.20 show that generally 
there is no correlation. Table 6.19 leads to notice that at least a participant of those who 
never walked on a treadmill before and six of those who have walked on a treadmill in the 
past found the ability (Q27) and the ease (Q28) of accelerating from stationary treadmill 
were comparable to what they do during over-ground walking, respectively. For the same 
questions, none of those who never walked on the treadmill in the past reported the ability 
and the ease of accelerating from stationary was better than over-ground walking, but this 
was reported by one of those who used a treadmill in the past. The results presented in 
Table 6.18 might lead to suggest that the perspectives on the use of the RTSCA from 
those who walked on the treadmill in the past are different from those who never walked 
on a treadmill prior to the study. This is against the conclusion obtained from the 
correlation results (see Table 6.19), which might be due to the majority (ten) of the 
participants having walked on a treadmill prior their involvement in study.
In order to explore perspectives on walking on the treadmill when using the RTSCA 
compared to its conventional speed buttons, two general questions (Q32 and Q33) were
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asked. For Q32, seven participants found the walking on the treadmill using the RTSCA 
is comparable to the use of conventional treadmill speed buttons. Also three of them 
responded better than the self selected speed (conventional treadmill speed buttons), 
while three of them responded worse than the self selected speed. This might be due to 
the practising time that was given to the participants to familiarise themselves with the 
RTSCA was not enough. However, the majority (11) of the participants reported that the 
changing speeds from stationary when using the RTSCA was better or similar to self 
selected speed.
To sum up, the main goal of developing the RTSCA was to augment users into VR 
environments while walking on the treadmill. It was felt that this could be done by 
allowing smooth adjustments in treadmill speed in response to changes in human’s 
position. The results presented in this subsection show that the majority of the participants 
were satisfied with the use of this way of controlling the treadmill speed. This conclusion 
also was reported from all the participants during the open discussion with the author. For 
example, a participant stated that '^although it was odd for me to control the treadmill 
through the use o f  this way, it was interesting to feel that I  am controlling the speed", 
another participant said that ‘7  think I  was not right when I  said that I  got enough 
practising o f how to use the proposed approach, however, the experience o f  using this 
approach was really great". The results show that the RTSCA was used safely by 
participants to adjust their walking speeds on the treadmill.
6.3.9 Perspectives on the treadmill when using the SCS with Virtual City
In another approach to explore the performance of using the RTSCA with a VR 
environment, seven questions (see Table 6.20) were asked following use of the virtual 
city scenario.
Table 6.20: Questionnaires for VR based treadmill
No Questions
Virtual City
Q36 The brightness o f the virtual city was satisfactory
Q37 The virtual city looked 3D
Q38 The virtual balls looked 3D
Q39 The interaction between the virtual city and the treadm ill was satisfactory
Q40 The perception o f the v irtual balls in the virtual environm ent was satisfactory
Q41 1 was able to  change easily from  one constant speed to  another constant speed
Q42 1 found the virtual city scenario m otivated me to  use the treadm ill w ith  self contro lled 
speed
Q43 Do you have any fu rthe r comments would you like to  add?
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The results are presented in Figure 6.11.
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Figure 6.11: The research participants' responses to questions on crossing a virtual city experience when
using the treadm ill developed speed algorithm
Table 6.21 shows the correlation values between responses to questions of treadmill with 
and without VR.
Q 3 0 A Q 3 0 B Q 30C Q 3 1 A Q 3 1 B Q 31C
Q41 Pearson Correlation -0.721 -0.502 -0.453 -0.593 -0.201 -0.297
Spearman's rho -0.708 -0.472 -0.423 -0.580 -0.237 -0.253
For Q39, all the participants were contented with the interaetion between the virtual city 
and the treadmill when using the RTSCA. From Figure 6.11, 11 participants found that the 
changing from one constant speed to another (Q41) through walking across the virtual 
city was easy. For Q42 nine participants felt that the incorporation a treadmill with the 
virtual city encouraged them to use the RTSCA. Four more specific questions (Q36-Q38, 
and Q40) were also asked in order to evaluate the perspectives on the presentation quality 
of the SVRS during the virtual city trial. Figure 6.11 shows that all the participants were 
satisfied with the 3D brightness of the virtual city (Q36). Furthermore, the majority (12) 
of them either agreed or strongly agreed with virtual city being presented as 3D (Q37) 
through the SVRS. Also, seven participants either agreed or strongly agreed the SVRS 
presented the virtual balls as 3D (Q38), whereas four of them neither agreed nor
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disagreed. For Q40, nine participants were satisfied and one of them dissatisfied with the 
3D perception of virtual balls that appeared during the virtual city trial.
In the previous subsection it was reported that the practising time of using the RTSCA 
was not enough. To figure out if the perspectives on the use of this approach changed 
after completing this section of the study, the correlation was computed between Q41 and 
Q30. The results (see Table 6.21) indicate that there is a high negative correlation 
between the responses to ease of changing the speed from stationary to normal walking 
speed and the responses to the ability to control walking speed during the walk across the 
virtual city. Similarly, a negative moderate correlation was found during the maximum 
and slow walking speeds. This indicates that the ease of using the RTSCA would be 
improved if more practising time is provided. To be sure these results are not accidental 
the correlation was also computed between Q41 and Q31. The results (see Table 6.21) 
show that there is a moderate negative correlation between these two questions during 
normal walking speed. Low negative correlation was also obtained between these 
questions during maximum and slow walking speed. These results indicate that the ability 
of controlling speeds when using the RTSCA would be improved with the experience of 
using it.
6.3.10 Overall Perspectives on the SVRS
In order to explore the general perspectives on the SVRS five questions (see Table 6.22) 
were asked.
No Question
General Questions
Q 44 This system helped me to  Increase my knowledge o f virtual reality
Q45 This system motivates me to  use the treadm ill w ithou t virtua l reality
Q46 This system motivates me to  use the treadm ill w ith  virtual reality
Q47 1 would like to  use this system again
Q48 This system makes me feel dizzy
Q49 If you have any fu rthe r comments on the system you have used today, please w rite  them  
below
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The results are presented in Figure 6.12.
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Figure 6.12: The research participants' responses to general questions on their overall
experience of using the SVRS
The results of a cross table between responses to Q44 and QA3 are shown in Table6.23
Do you have any knowledge of 3D display systems?
No Yes
Q44 Strongly Agree 2.0 2.0
Agree 2.0 2.0
Neither Agree or Disagree 2.0 3.0
Disagree 0.0 0.0
For Q44, eight participants felt that the SVRS helped them to increase their VR 
knowledge. These results are very encouraging, as the SVRS was not developed with the 
intention to help the partieipants to increase their knowledge of VR. Interestingly, from 
Table 6.23, it was noticed that four participants out of seven of those who watched a 3D 
film in the past reported that the SVRS helped them to increase their 3D knowledge, 
while the rest neither agreed or disagreed. For the same question, four of those who had 
never watched 3D film or experienced a 3D system felt that the SVRS helped them to get 
some knowledge about 3D.
Four participants felt that the SVRS motivates them to use the treadmill without VR 
(Q45), and ten of them with VR (Q46). 11 participants reported that they would like to use 
the SVRS again (Q47). In terms of safety, only one participant felt dizzy when using the 
SVRS for an hour (Q48).
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For the open-ended question asking participants for any further comments, 11 participants 
responded. All of these responses were very positive, apart from a general comment of 
not being able to walk at fastest possible speed with the RTSCA. For example, a 
participant stated that “I felt that I could walk faster but the system did not give more 
speed” another participant also stated that “1 did not reach my fast speed at the end of the 
treadmill”. Comments also suggested that a few participants felt that they did not practise 
enough with the RTSCA before the testing. A participant stated that “1 think 1 was not 
right when I said that 1 got enough practising of how to use the proposed approach, 
however, the experience of using this approach was really great”. In the open discussion 
participants were asked whether they noticed if there was any delay between their actual 
movements and the responses of virtual objects. They were also asked if they felt there 
were any fluctuation in the treadmill speed and/or any delay to the response of the 
treadmill to their movements when using the RTSCA. The results were very positive as 
all participants did not notice any delay.
6.3.11 Treadmill Speeds
Following the results presented in subsections 6.3.7 and 6.3.8, it was decided to explore 
the difference between the walk on the treadmill when using the conventional speed 
buttons and the RTSCA. To achieve this, the participants were asked to walk on the 
treadmill under two conditions as discussed earlier. Briefly, the first was when using the 
conventional treadmill speed buttons. The second was when using the RTSCA. For each 
condition, the normal, the fast, and the slow walking speeds were recorded. The 
hypothesis (Hs) that was proposed to be examined in this test was that walking speeds on 
the treadmill in the first condition would not be significantlv different to those with the 
second condition.
Table 6.22 shows mean and standard deviation results for maintained walking speeds with 
the RTSCA and speed buttons. The mean and standard deviation of the fluctuation (from 
stationary to the stop position again) speeds of using the RTSCA are also presented in 
Table 6.24.
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Table 6.24: Descriptive analysis of walking speeds average under two conditions: the first when using the
First Condition Second Condition Fluctuation
Mean
(m/s)
StDev
(m/s)
Mean
(m/s)
StDev
(m/s)
Mean
(m/s)
StDev
(m/s)
Normal walking 
speed
1.06 0.15 1.27 0.09 0.009 0.003
Slow walking 
speed
0.76 0.10 i 0.94 0.10 0.013 Ï 0.004
Fast walking speed 1.74 0.11 1.75 0.06 0.01 0.003
From Table 6.24, the mean self-selected normal walking speed of participants increased 
by 0.21 m/s when using RTSCA compared to treadmill speed control buttons. Similarly, 
the mean self-selected slow walking speed increased by 0.18 m/s with the RTSCA. In 
contrast, the mean self-selected fast walking speed only differed by 0.01 m/s. This could 
be due to the fact that the limited speed which can be obtained by using the RTSCA was
1.8 m/s, and may accordingly explain why the majority (ten) of the participants did not 
feel the RTSCA enabled them to walk on the treadmill at what they consider to be their 
fast comfort walking speed (Q34) as explained earlier. Another noticeable key feature is 
that the fluctuation of each speed was found less than 0.05 m/s, which can indicate that 
the use of the RTSCA induced the participants to walk with consistent speeds compared 
to the use of the speed buttons.
To examine whether there was a significant difference between walking speeds on the 
treadmill when using the conventional treadmill speed buttons and the RTSCA, a 
statistical analysis test was undertaken. Prior to the use this test, the normality distribution 
of the data was obtained by using One-Sample Kolmogorov-Smirnov test, as suggested 
by the documentation of the SPSS and as explained by the statistician at the University of 
Surrey. As shown in Table 6.25, p-value is much greater than 0.05, which suggests that 
the distribution is normal. In order to examine the hypothesis (Hs) aforementioned, it was 
consequently decided to proceed with paired t-tests (two-tailed, 12 degrees of freedom, 
significance level at 0.05).
Table 6.25: Results of One-Sample Kohnogorov-Smimov Test
First Condition Second Condition
Kolmogorov-
SmirnovZ
p-value (2- 
tailed)
Kolmogorov-
SmirnovZ
p-value (2- 
ta iled)
Normal walking 
speed
0.737 0.649 0.804 0.538
Slow walking speed 0.394 0.998 0.513 0.955
Fast walking speed 0.826 0.502 0.744 0.637
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The statistical results shown in Table 6.26 suggest that the participants walked 
significantly faster at the second condition during slow and normal walking speed, but not 
during fast walking speed. This might be due to the fact that the maximum speed they 
could research during the second condition was similar to their fastest walking speed 
during the first condition. These results lead to suggest that the hypothesis (Hs) can been 
rejected for the normal and slow walking speeds (p-value <0.05), but it can be accepted 
for the fast walking speed (p-value>0.05). As the sample size was small, the statistician 
at the University of Surrey suggested to perform the comparison by using a non- 
parametric test. Therefore, a Wilcoxon test was conducted to examine the hypothesis 
(Hs). From Table 6.26, the results indicate that the hypothesis (Hs) is also rejected as 
mentioned earlier. This suggests that the participants walked faster under the second 
condition as compared to their walking in the first condition. A similar conclusion to this 
were recorded by Lichtenstein et a l [2007] . In their study, they reported that subjects 
showed slower speeds on a treadmill when using a self-propelled (conventional) mode 
compared to the use of a controlled mode. A limitation of this study is that the walking 
speeds of the participants in over-ground were not recorded. Therefore, future research 
should consider this in order to ensure that the RTSCA does not prevent users from 
walking at their natural speeds. ,
Table 6.26: Statistical results for walking speeds using the treadmill speed control algorithm
Paired t-test W ilcoxon test
Pair :: :t : T Sig. (2-tailed) Sig. (2-tailed)
Normal walking speed -4.451 0.001 -2.98 0.003
Slow walking speed -6.082 0.000 7 -3.18 0.001
Fast walking speed -0.235 0.818 -0.275 0.783
6.4 Conclusion
The investigation has reviewed the overall performance of the SVRS as perceived from 
healthy young able-bodied participants. The overall aim of this pilot investigation was to 
examine the presentation quality, safety and ease of use of the SVRS prior to getting pilot 
perspectives from children with CP. The results show that the overall quality of the 
presentation of the 3D static and dynamic images was acceptable to the majority of the 
participants. In terms of performance of the equipment integration, the overall results 
suggest that the integration was satisfactory. It has also been reported that the response of 
the SVRS to participants’ movements to some extent was similar to reality and it was
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user-friendly. Furthermore, the SVRS keeps the characteristics of the 3D presentation 
during the movement of virtual environments.
The results also suggest that the participants were satisfied with the overall performance 
of the RTSCA. There were no accidents or complaints reported during the treadmill trials. 
This suggests that the RTSCA is safe to be used with and without VR. From discussions 
with participants it was believed that they did not notice any possible delay between their 
walking speeds on the treadmill and the VR speed. These results indicate that the 
performance and the safety of the treadmill speed control algorithm are in sufficient level 
to enable users to navigate a virtual environment.
The SVRS safety was one of the key elements of its practicality as outlined in chapter 
four. The descriptive results and the responses made to open-ended questions and 
discussions suggest that the SVRS is safe for use. This due to the fact that there were no 
accidents associated with cybersickness reported by participants. However, at the end of 
the investigation a participant felt dizzy who attended the investigation at 17.00 hours and 
completed the stages at 18.00 hours. The participant excused his dizziness to his tiredness 
prior the investigation.
Statistical results also suggested that there were slower walking speeds on the treadmill 
when using its conventional speed buttons compared to the use of the treadmill speed 
control algorithm. As this data was drawn from a small sample and walking speeds over­
ground was not considered, a scientific conclusion cannot be drawn from these results. 
However, previous research also pointed out same findings [Lichtenstein et a l,  2007] .
The results of this pilot investigation were considered positive enough to carry on with
the next step of a study in the clinical environment including children with CP and
professional able-bodied. Very minor changes to protocol of the next investigation were
considered. For example, participants would be given at least five minutes rest every 30
minutes in the course of using the SVRS in order to minimise the cybersickness. The
overall scope of the next investigation will be to investigate the practicality of the SVRS
for secondary school aged children (12-17 years) with CP. The core focus of the
practicality evaluation is directed at: satisfaction (how enjoyable is it to use the SVRS);
comfort (how easy is it for children to complete tasks, once they have learned the
system); safety; and to some extent utility (is it considered that the selected scenarios will
benefit the gait rehabilitation of children with CP effectively).
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Chapter 7
7 Development of Virtual Rehabilitation Scenarios and 
Protocol for Investigation in a Clinical Environment
7.1 Introduction
The previous chapter shows that the results of the SVRS evaluation were positive and no 
engineering modifications were recommended. As young able-bodied participants used the 
SVRS safely, the next step in its development focused on how LE rehabilitation for children 
with CP can be improved. Discussions with the clinical team at Queen Mary’s Hospital were 
carried out in order to develop a set of virtual rehabilitation scenarios. Suggestions were 
based on clinical practice aimed at improving the ability to walk through integrated motor 
capacity is important in daily life activities. For example, stepping exercises are described as 
possible ones to help children to improve their ability to climb stairs. These scenarios were 
developed based on standing and treadmill training as presented below.
Following the development process, the evaluation of the SVRS in two CP children and three 
clinicians was investigated. The evaluation was based on their responses to questionnaires, 
and through open discussion with the participants and their parents and physiotherapists as 
appropriate. The overall scope of this study was to investigate the practicality of the SVRS. 
In this context the practicality refers to satisfaction (how enjoyable it is to use the SVRS?); 
comfort (how easy it is for participants to complete tasks, once they have learned the 
system?); safety; and to some extent utility (is it considered that the selected scenarios will 
benefit the gait rehabilitation of children with CP effectively?). The hypothesis was divided 
into four parts as follows;
HI : participants would find  the SVRS to he practical
H2: participants would be unable to walk on the treadmill under the RTSCA successfully and 
safely with and without VR
H3: parents would not be content to use the SVRS for rehabilitation o f their children
H4: it would be impossible to get outcome measures from the SVRS to review user 
performance
145
M.Al-Amri__________ Chapter 7: Development o f Virtual Rehabilitation Scenarios and Protocol for Investigation in a Clinical Environment
Section 7.2 describes the development of VR scenarios that were designed for rehabilitation 
purposes. It demonstrates flowcharts for these scenarios. The method chosen for the study is 
presented in section 7.3, while the results and the discussion are presented in the next chapter.
7.2 Development of Virtual Rehabilitation Scenarios
7.2.1 Postural Control Exercises
The discussion with the clinical team suggested that the capability to maintain posture while 
standing is one of the typical rehabilitation tasks for children with CP. Based on the literature 
presented in chapters two and three, it is generally understood that postural control tasks are 
fundamental in improving motor ability for daily activities. Postural control tasks require 
interaction between neural systems, to access position and control movements, and 
musculoskeletal systems to generate forces in order to achieve body movements. It was 
therefore agreed to develop VR scenarios in order to encourage children to performing three 
forms of exercises whilst standing. These are:
i. Hand and arm exercises
ii. Stepping exercises
iii. Knee exercises
For each exercise, two VR scenarios were developed as presented below.
i. Hand and Arm Exercises 
Hand and Arm Exercise A
The task was developed to allow subjects to react to touch a virtual balloon in the virtual 
environment through controlling a virtual hand; whilst maintaining their balance and position 
in the actual world. In this scenario, subjects would perform the exercise at a standstill in 
front of the screen at a preset position on the floor. A pointer (see Figure 7.1) to which 
reflective markers are fixed is used to allow subjects to control the virtual hand. As they 
move the virtual hand, subjects are able to touch a virtual balloon that appears on the screen 
in selected random positions in the virtual environment and then return their arm to the 
original start position (arm lies down straight). Balloons’ positions are normalised based on 
subjects’ arm length and body height. The arm length was measured from the acromion to the 
end of the fingers, while the subject in the standstill position and the arm lies down straight.
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Figure 7.2 shows the flowchart of design of the virtual scenario. After initialising input data 
such as subject ID, arm length, height, balloon size, action time, date, dominant arm, and trial 
number, four main functions were developed in order to compile the VR scenario in real­
time. These are:
• Rendering function that updates the 3D objects every 2 ms
• QTM function that checks if 6D0F motion capture data of the pointer is received,
which consequently is integrated with the virtual hand. It also save the motion capture 
data (markers and bodies positions, and bodies rotations) into spreadexcel sheet for 
further analysis
• Balloon function that produces a balloon every cretins time which is also called action 
time (3 s was used during this work) in 20 m far from the front of mainview
• Score and detection function that consists of a timer which counts time up, and a
detector which detects if the virtual hand touched a balloon in order to add a point to 
the total score
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Figure 7.1: An able-bodied volunteer using the SVRS to perform Hand and Arm exercise A. A: pointer attached 
with reflective markers; and B: virtual hand in the virtual world
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Hand and Arm Excises B
Discussion with the clinical team has led to suggest that improving postural eontrol requires 
multi-task at different positions not only when standing but also during movements. So in 
this seenario, subjeets are asked to control the virtual hand (following procedure mentioned in 
the previous virtual scenario) to grab a virtual object and then to place it into a eorrect virtual 
barrel. These objects were generated in the form of boxes and balls that are initially placed on 
a virtual table inside a virtual room (see Figure 7.3). The depth position of the virtual objeets 
was generated to be equal to the arm length for six objects, plus up to 20 mm for the other 
three objects; in order to encourage participants to move forward and sideways to reach the 
virtual objects. It has been discussed with the clinieal team that this scenario should challenge 
subjects to develop a strategy in order to complete the task successfully. The clinical team 
implied that this challenge will consequently improve not only postural control and balance 
but also the ability to conceive and achieve different actions, which may have a positive 
impact on the ability to improve daily life aetivities. For more motivation, the seenario allows 
subjeets to watch a cartoon film if, and only if, they have placed all the virtual objects into the 
right barrels within a set time. During the task, a virtual projeetion screen extends down if 
they have dropped the first three virtual objects into the eorrect barrels.
The flowehart for the scenario is given in Figure 7.4. The 3D environment ineluding boxes, 
balls, a table, and a projector with its screen are initialised first. Four funetions were designed 
in order to enable subjects to complete the exercise. These funetions are:
• QTM function that is similar to the one mentioned in the previous scenario
• Grab and drop function that checks if the subjects control the virtual hand to touch a 
virtual object and then bring the grabbed objeet to the right barrel
• Seore and action time funetion that adds a point to the total seore if an objeet is
dropped eorrectly and counts time up
• Action function that checks the time and seore to control the virtual projector and its
screen. It is designed to switch the projector on after three points (elearing three
virtual objects), and once all virtual objects are dropped eorrectly within a set time the 
film is shown for one minute.
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©
Figure 7.3: An able-bodied volunteer using the SVRS to perform Hand and Arm exercise B. A: during the actual
test and B: a screenshot of the VR environment
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ii. Stepping Exercises
Stepping over obstacles was considered to be beneficial for improving balance, coordination, 
and endurance. Two VR scenarios were developed for this. Both technically are similar, but 
they are performed in different virtual environments and obstacle height. In these exercises 
subjects are required to stand on the floor in a preset position which is used to normalise 
virtual feet and virtual ducks in the virtual environments. The position is initially determined 
by three reflective markers that are placed on each foot of the subjects (see Figures 7.5 and 
7.6). Figure 7.7 shows the flowchart for these scenarios. There are four main functions which 
were developed to enable subjects to perform the exercises. These functions are technically 
similar to those presented in the Hand and Arm Excises A. The main difference is that three 
markers are placed onto each foot in order to control virtual objects by the feet as will be 
described below.
Scenario A
In the first scenario (see Figure 7.5), subjects are asked to prevent the virtual feet colliding 
with virtual obstacles by lifting the correct foot up at the appropriate time and then return it 
back to the origin position. Virtual obstacles appear with fixed high and selected random 
positions for left and right feet. Based on the actual positions of the feet, the virtual positions 
are initialised to ensure that the obstacles appeared in front of the virtual feet. The virtual 
obstacles in this scenario are designed to take the form of a box of dimensions 200 mm x 100 
mm X 200 mm (length x width x height). If there is a collision between the virtual feet and the 
obstacles a point is deducted from the starting score.
Scenario B
The second scenario (see Figure 7.6) is technically fairly similar to scenario A, however, the 
virtual obstacles are designed in form of a hemisphere stone of diameter 250 mm. In the 
scenario, subjects are asked to help virtual ducks not to collide with virtual obstacles while 
the ducks are walking in a virtual park. This can be done by raising the right foot up to help 
the virtual duck on the right side or the left foot to help the virtual duck on the left side.
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Figure 7.5: An able-bodied volunteer using the SVRS to perform Stepping exercise A. A: during the actual test
and B: a screenshot o f the VR environment
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L
Figure 7.6: An able-bodied volunteer using the SVRS to perform Stepping exercise B.A: during the actual test
and B: a screenshot of the VR environment
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iii. Knee and Hip Flexion Exercises
Throughout the literature of rehabilitation and based on the discussion with the clinical team 
it has been inferred by the author that hip and knee flexion-extension exercises can be helpful 
for reducing muscle stiffness, improving balance and consequently enhancing walking 
function. Clearly some this is open to discussion, however, the aim of this work was to 
explore the practicality of the SVRS, and it was not aimed to measure clinical outcomes such 
as hip flexion and other kinematic parameters. Based on the discussion with the clinical team, 
two virtual scenarios were subsequently developed as will be presented below. For these 
scenarios, subjects control their lower virtual skeleton that is defined by using the simple 
technique to build a skeleton as described in chapter five. Briefly, a virtual lower skeleton 
(see Figures 7.8 and 7.9) is created for each subject using reflective markers that are placed 
on subjects’ lower body following the protocol used at Queen Mary’s Hospital in routine 
clinical gait analysis. QTM is also used to augment positions of these markers into the virtual 
world, which are then used to create the virtual skeleton.
Exercise A
In the exercise (see Figure 7.8), subjects are asked to stand in front of the 3D screen and then 
touch virtual balloons with a virtual knee. This can be achieved by bending the appropriate 
knee raising it up to reach the balloon that has appeared on the screen in selected random 
positions; these are normalised based on the height of knee and ASIS {Anterior Superior Iliac 
Spine) markers on the subject’s body, which makes the balloon appear in between them. 
Figure 7.10 shows the flowchart for the scenario. It is based on using four main functions; 
these are technically similar to those explained in Hand and Arm Exercise A, but in this 
scenario the QTM function checks if the 3D data of markers is received in order to create a 
virtual skeleton and to use thigh, knee, and ankle data of subjects to calculate their knee angle 
in real-time. The knee angle algorithm is discussed in the next subsection.
Exercise B
Exercise A was developed to be performed whilst standing still. Exercise B extends this basic 
test by getting the participants to change standing position prior to each hip/knee flexion 
movement for balloon collision. For this scenario, four virtual balloons are generated at 
selected random positions in the virtual room (see Figure 7.9). The positions are determined 
to be 0.5 m from both sides of and between 0.5 m and 1.2 m from the front of, the virtual 
skeleton. The height of the balloons is normalised following the procedure mentioned in
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exercise A. In order to help the subject to identify the depth of these balloons in the room, 
four dancing avatars also appeared inside it and around balloons. Figure 7.11 shows the 
flowchart for the scenario. Two main functions were used; the first is the QTM function 
which is not different from the one described in exercise A; the second is the detection and 
score function which detects whether the four balloons were touched within a set time.
I
Figure 7.8: An able-bodied volunteer using the SVRS to perform Knee and Hip Flexion Exercise A.A: during
the actual test and B: a screenshot of the VR environment
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Score:
Figure 7.9: An able-bodied volunteer using the SVRS to perform Knee and Hip Flexion Exercise B.A: during 
the actual test and B: a screenshot of the VR environment
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Start
I
Press “S ” 
to begin
Present gam e instructions
Set score to Y  value
Initialise patient’s data: 
- ID
Initialise other data:
- Date
- Trial number
Import the 3D  room  
Import 4  avatars 
Play the music 
Set the avatars to the dancing  
statues
Reset all 
functions
Initialise Q TM  communication (see Figure 
5.7):
- Open T C P /IP  port to stream  Q TM  data  
-  Adjust the virtual objects according to the  
Q T M  data
- Import a 3D  ball and copy it X  
times
- set their positions inside the 3D  
, room
Initialise collision function 
-  detect the collision between a 
balloon and virtual knee skeleton of 
the subject
Is QTM  
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data
At every  
second
Data of thigh, 
knee, and ankle |4 
m arkers data
Is Q TM  
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data?id the balloon 
collide with the 
knee?
Find the line between  
the thigh and the knee  
Find the line between  
the knee and the ankle
G et m arkers data
Add 1 point 
to the score
are there  
any data  
missing?Calculate the angle  
between the 2 lines by 
using equation 3 in the  
following subsection
Is the time \ N o  
120 s
Uses m arkers  
data to generate  
virtual skeleton ( 
using Pseudo 1 in 
chapter 5)
Present the knee angle  
on the screen
Gam e  
Over, You  
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Done  #
QTM FunctionDetection and Score Function
Figure 7.1 l:Flowchart of development of VR scenario for Knee and Hip Flexion Exercise B
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7.2.1.1 Knee Angle Estimation Algorithm
A method such as the Helen Hayes model that is used in gait analysis can be used to calculate 
the knee angle in a real time although some challenges will be faced. Part of the challenge is 
related to use of transformation matrices that will affect the overall real-time performance of 
the SVRS. However, an approximation to the ‘real’ knee angle can be computed when three 
markers are in space, presuming one of these markers is centred on the knee. The other two 
markers are being placed on heel and thigh. The method that has been used in this section 
depends on the theory of angle between two lines in 3D space^ that is summarised below.
A 3D vector is a quantity that has a magnitude and a direction, it can be expressed in x,y,z 
that refers to a component of the vector. This component defines the difference between the 
component coordinate of the tail of the vector and the component coordinate of the tip of the 
vector, which is called a displacement vector. For example, to find the displacement vector 
between point A (0, 3, 0) and point B (2, 0, 0) the differences between the component of the 
vector should be defined as follows;
Displacement of A to B = (xb-xa, ys-yA , zr-za)^ = (2,-3,0)^ and it is different from the one of 
B to A. where  ^ stands for Transpose that refers to change rows into columns
The length of the vector can be defined through the square root of the displacement vector. 
Thus, the length of the vector in the example aforementioned is [(2)^+ (-3)^+ (0)^ ]^ ^^ . The 
length is always a positive number and is a scalar. The angle between two vectors in 3D 
space depends on the relation to each other, not on the frame of coordinate that is being used. 
To compute the angle, the dot product formula can be applied. This can be calculated as 
follows:
• The displacement for each vector should be calculated
• The unit vector for each vector should also be calculated
• The dot product formula now can be used as:
a.b = cos 0  ^
Vector Math for 3D Computer Graphics, http://chortle.ccsu.edu/index.html, accessed on 9th July 2010
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Where a and b are unit vectors for vectors A and B respectively, and 0 is the angle between 
vector A and vector B.
To apply this method, a vector between the heel and the knee and the other one from the knee 
to the thigh were defined in order to calculate the knee angle; which was implemented in 
Vizard software and tested using treadmill gait data previously collected from three able- 
bodied subjects [Collins, 2007]. Based on the Helen Hayes marker set [Kadaba et a l, 1990], 
Collins computed joint angles as the transformation from two segments relate to each other. 
Figure 7.12 illustrates the knee angle results through the function described above and the 
knee angle results obtained from Collins [2007].
Knee Angle for Subject B1
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 V 30
 3D vector
I  50
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Figure 7.12; Knee angle for three healthy subjects walking on a treadmill. The solid line represents the sagittal 
knee angle computed from Collins [2007]. The discrete line represents the knee angle data computed as the
angle between two vectors in 3D space.
From Figure 7.12, there is a reasonable correlation in swing phase and considerable
discrepancy in the stance phase. This discrepancy may be due to the relationship between the
thigh vector and the shank vector. Theoretically, to get an accurate knee angle, the thigh
vector should be as straight as possible with the shank vector; nevertheless, the thigh vector is
affected by the thigh wand marker that increases the thigh position in one axis, which then
affects the knee angle calculation in the stance phase. In the light of this understanding, the
knee angle was computed from the positions of the calculated hip joint centre, the knee
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marker, and the ankle marker in order to understand the discrepancy. From this calculation, 
the discrepancy in stance phase decreased, which explains the effect of the hip joint centre on 
this algorithm. In addition, a considerable decrease in the discrepancy was shown by 
computing the knee angle from the positions of the calculated hip joint centre, the calculated 
knee joint centre, and the calculated ankle joint centre. An increase in the discrepancy was 
also seen by computing the knee angle from the thigh marker, the position of the calculated 
knee joint centre, and the position of the calculated ankle joint centre.
In summary, the aim of the above tests was to understand the discrepancy during the stance 
phase by changing the displacements of the thigh vector and the shank vector. As a result, the 
effect of the displacement of the thigh vector on the knee angle function is obvious. However, 
in view of the fact that these data will not be used as a clinical reference and the stance phase 
data is not essential in the knee rehabilitation during this study, it was decided to accept the 
knee angle function with this discrepancy.
7.3 Investigation Method
7.3.1 The Investigation Protocol
Participation in this investigation required one visit to the Gait Laboratory at Queen Mary’s 
Hospital. The investigation took approximately 2.5 hours. On arrival, a copy of the 
information sheet and a consent form were provided (in case the participants did not have one 
with them). The participants and their parents or guardians were encouraged to ask questions 
after reading the information sheet. They were also reminded that they could withdraw from 
the investigation at any time, without having to give a reason. Then, the parent or guardian 
and the participant were invited to complete the consent form and Questionnaire A. The 
participants were then asked to complete the two stages of the investigation. At stage one, the 
participants were asked to watch and play virtual reality scenarios developed with the aim to 
improve balance and knee flexion and extension. While at stage two, they were asked to walk 
on a treadmill when using the conventional speed buttons and the RTSCA with and without 
VR environments. During the test, the laboratory was darkened for the purpose of the 
investigation to minimise the view distractions of the participants.
7.3.1.1 Stage 1: Exercises during Standing
In stage one, the participants were asked to watch and play VR scenarios outlined in section 
7.2, which were developed with the aim to help children with CP to improve their balance 
and knee flexion and extension. Each exercise took approximately five minutes and at the end
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of each one the participants were asked to complete a section of questionnaire. However, in 
the first exercise (Hand and Arm Excises A), participants were asked to repeat the test three 
times as follows: the first, when balloons appear on their dominant arm side which means 
they need to touch a balloon by using only that hand; the second was similar but this time 
using the other hand; the third, when balloons appear on both sides and participants were 
asked to use both hand.
7.3.1.2 Stage 2: Treadmill Training
In stage two, the participants were asked to walk on a treadmill at a number of self-selected 
and self-controlled speeds with and without virtual reality. At the end of each exercise, the 
participants were asked to complete sections of questionnaire B.
7.3.1.2.1 Exercise A: Treadmill Training with Self-Selected Speed:
In this exercise, the participants were asked to perform the treadmill training with and 
without VR as described below. Those who did not walk on a treadmill prior to this study 
were given an opportunity to familiarise themselves with walking on the treadmill prior to 
completing the following:
■ Treadmill Training without VR:
The participants were asked to start walking on the stationary treadmill and to adjust the 
speed using the speed buttons on the treadmill until they feel that they were walking at their 
comfortable walking speed. The speed was monitored and the participants were asked to 
maintain their comfortable walking speed for a further 20 seconds. After this time, they were 
asked verbally to reduce their speed to zero gradually. To help participants who were unable 
to use the normal speed control buttons on the treadmill, the researcher changed the treadmill 
speed using the speed buttons.
■ Treadmill Training with VR:
In this trial, participants were asked to start walking on the stationary treadmill connected to 
the computer. This connection allows the treadmill to control the virtual environment speed 
responding to the speed buttons on the treadmill. As in the earlier exercise (Hand and Arm 
Exercise A) participants were asked to carry the pointer in order to touch virtual balloons that 
appeared in the virtual environment. The participants were asked to maintain their speed for a 
further 60 seconds. They were then asked to repeat this exercise following the procedure used 
in repeating Hand and Arm Excises A.
7.3.1.2.2 Exercise B: Treadmill Training with RTSCA:
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In this exercise, participants were asked to walk on the treadmill at a self-controlled speed for 
the same two trials described in exercise A. However, this time the treadmill speed responds 
to the movement of their pelvis within a predefined area as outlined in chapter five. All 
participants were given a tutorial on how to walk on the treadmill by using the RTSCA. Once 
the participants understood how it worked, they were instructed to walk on the treadmill for 
three tests prior to the actual test of this investigation.
The first test was organised in order to make the participants aware of how the treadmill 
responds to their movements rather than the speed buttons. For this test, the maximum speed 
that can be obtained from the RTSCA was set to be 0.2 m/s less than their comfortable 
walking speed that recorded when they used the speed buttons. Once this was done, they 
were guided to initialise small steps forward while they were holding onto the treadmill 
handrail to reach a slow speed. They were then asked to reduce and increase their speed for 
some time prior to being asked to stop safely to start the second trial. In the second trial the 
maximum treadmill speed was set to be similar to their walking speed on the treadmill when 
they used the conventional treadmill speed buttons. The aim of this trial was to make sure 
that they were able to stop safely. Therefore, they were asked to maintain their position on the 
middle of the treadmill and then to stop safely. In the third trial, the aim was to make sure 
that they will walked on the treadmill safely with at least their previous recorded speed when 
used the treadmill speed buttons; the maximum speed was therefore set at 1.8 m/s for children 
with CP and 2.0 m/s for able-bodied volunteers.
■ Treadmill Training without VR:
They were asked to walk forward slowly to reach what they consider to be their comfortable 
walking speed. Once they had started walking at their comfortable walking speed, they were 
asked to maintain that speed for 20 seconds. After this time, they were asked to reduce their 
speed gradually to zero.
■ Treadmill Training with VR:
In this part of the training they were asked to walk across a virtual city within a certain time 
(70 seconds). A large virtual balloon appeared for three seconds at random intervals in the 
virtual city and the participants were asked to avoid colliding with this balloon. To do so, the 
participants were asked to reduce their speed when the balloons appear and increase the speed 
once the balloons disappear as also described in chapter six.
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Following the exercises, and in order to gather information on the perceptions of the 
participants, their parents/guardians, and/or physiotherapists to using the virtual environments 
and the treadmill. They were then asked to discuss their feedback in a short discussion with 
the researcher and a member of the clinical team.
7.3.2 Questionnaire Design
As outlined in chapter four there is no existing valid questionnaires that can be used in order 
to investigate the practicality of the SVRS. Based on the literature presented in chapters three 
and four a number of questionnaires described in this subsection have been designed by the 
author. The design process of the questionnaire used in this investigation followed the same 
approach that is described in chapter six, section 6.2.1. For the investigation, two 
questionnaires were used; the first (Questionnaire A) was designed to gather general 
information about subjects’ familiarity with computer games and 3D systems, and their 
experience in rehabilitation sessions. This can be seen in Table 7.1.
Table 7.1: Questionnaire Form A________________________________
Please answer all the following questions. All medical information and personal data that you provide is reserved confidential. 
Please tick the box as appropriate fo r the following questions. Some answers will require you to enter further information, please do 
this in the space provided
1. Do you meet the inclusion criteria of this study? □  Yes □  No
2. What is your gender? □  Male □  Female
3. W.hat is your age? I
4. Do you receive physiotherapy? |1 O Yes 1I  O No 1
5. How often do you usually attend physiotherapy?
O  Twice a week D  Once a week O  Twice a month D  Once a month D  Other (please state)...................................
6. What tj'pe of physiotherapy do you receive?
7. How long have you been attending physiotherapy? ..................................................  1
8. Have you ever used a treadmill in the past? 1 O Yes 1 □  No 1
9. If yes:
1. What is the purpose for using the treadmill?............... ......................
2. When was the last time you used the treadmill? ........... ..........................
3. How long have you been using the treadmill?............ .........................
10. Do you have any knowledge of 3 dimensional display systems? 1 □  Yes 1 □  No
11. If yes:
1. What was the reason for using a 3 dimensional display system?
D  Games D  Movie D  Presenting Images O  Training tools (please state) ... ...........  £7 Other (please state)
12. Have you played computer games? □  Yes □  No
13. Do you have access to a computer that can be used to play computer games? □  Yes □  No
14. How often do you play computer games?
D  More than once a day Ù  about once a day D  more than once a week D  about once a week O  about once a month D  
less than once a month O  Other (please s ta te)................
15. What type of computer games do you play?
D  Puzzle D  Adventure D  Sport D  Shooter D  Other (please sta te).......................................
The second form (Questionnaire B) consisted of 70 questions generated from the review of 
the literature presented in chapters three and four. These questions focus on gathering 
participants’ perspectives on the practicality of the SVRS. The practicality refers to 
satisfaction (S), comfort (C), safety (SA), and utility (U) as described in section 7.1.Two
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scales were used in this form, the first was the Smileyometer scale (see Figure 7.13 A) that 
was developed by Read et al. [2002] and was used in the first 64 questions that are directed 
at VR scenarios. The second scale (see Figure 7.13 B) was adapted (to use emotional faces) 
from the typical five-point Likert. The adaptation was important in order to minimise 
inconsistent use between both scales. The adapted Likert scale was used for the last five 
questions that were designed to gather general perspectives onto the overall experience of 
using the SVRS.
O  CD O  ©  ©
B rillian t G ood  O k P o o r Aw ful
□ □ □ □ n
A:Smileyometer scale
O  O  O  ©  <S)
Strongly Agree Neither Disagree Strongly
Agree □  agree or O Disagree
O disagree □
□
Bttvvical five-Doint Likert
Figure 7.13: Face scales used in the questionnaire form B 
The first draft of the questionnaire B was sent to three professors who are experts in VR 
based rehabilitation. These professors were identified from the literature as they developed 
questionnaires to use them in their research that was on VR based rehabilitation. The first was 
from University of Haifa, the second from University of Alabama, and the third from 
University of Southern California. They were asked to state if these questions can identify the 
perspectives on the first three elements (S, C, and SA) of the practicality. Only the first and 
the second professors responded and they felt that the questionnaire identify the three 
elements. However, both found it a bit long and that may cause issues of compliance if 
participants will be asked to complete the questioners in the same time.
Then the form was reviewed by the NHS Research Ethics Committee as part of the ethical 
review process who felt there were many repetitive words that were used in the questionnaire. 
The opinion was to minimise the repetition of “T/ow easy was i f \  Professor Ewins also felt 
that there some ‘loaded’ questions that might lead participants to answer in a certain way (for 
example, “Did you feel confident when popping virtual balloons?”) which should be 
amended. Based on these comments, the questionnaire was amended.
Table 7.2 shows the questions before and after updates. For example, question (2) was '"How
easy was it to control the virtual hand?'' This was amended to “/  would rate my ease in
controlling the virtual hand as:" Another question (3) was "How easy was it to pop virtual
balloons?" and it was amended to "My ability to touch the virtual balloons was:" A ‘loaded’
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question (36) was "Did you feel confident when controlling the virtual skeleton?" was 
amended to "My overall confidence when helping the virtual ducks to not collide with the 
virtual obstacles was:" The first draft and the updated draft were then sent to a Research 
Fellow (Dr Fatoyinbo) in the Centre for Biomedical Engineering in order to comment if there 
were any changes on the meaning of the questions in the updated draft compared to the first. 
He felt there were no changes in the meaning between both drafts. Two clinicians from 
Queen Mary’s Hospital were then asked to use the SVRS as described in the investigation 
protocol mentioned the previous subsection. They were also asked to report any ambiguity of 
wordings and failure to understand some technical terms for further modifications. Only one 
comment ahout the clarity of the difference between "I thought my enjoyment in controlling 
the virtual skeleton was:" and "how enjoyable was it to touch balloons with the virtual 
knee?" was received. Based on this, the questionnaires were discussed with the academic 
supervisors in order to make the final modifications. As a result of this discussion, it was 
suggested to delete the first question as the overall aim is to get the perspectives into subjects’ 
enjoyment while they are touching balloons. It was also suggested to add another question 
asking participants if they felt dizzy after each exercise. The updated form was then reviewed 
with the academic supervisors who were also satisfied from the updated form and agreed to 
send it again to the NHS Research Ethics Committee who were accepted it with no further 
changes required.
Table 7.2; Questionnaire B. 1: Smileyometer Likert scale (see Figure 7.13 A); and 2: Five-point Likert scale
(Strongly agree -  strongly disagree).
Q 1 First Draft Final Version (  amended draft) | Scale Practicality
Part 1: The following part of the questionnaire is about the hand and arm exercise A. Please answer the following questions 
by crossing or ticking what you consider to be the most appropriate answer
1 The exp lanation  of how  to  contro l th e  virtual 
hand w as :
The explanation o f how  to  control the  virtual hand 
was:
1 N /A
2 How easy  w as it to  con tro l th e  v irtual hand? 1 would rate my ease in controlling the  virtual hand 
as:
1 C
3 How easy  w as it to  pop v irtual balloons? M y  ability to  touch the virtual balloons was: 1 C
4 How en joyab le  w as it to  pop virtual 
balloons?
1 would rate my enjoym ent in touching the virtual 
balloons as:
1 S
5 How safe w as it to  pop virtual balloons? 1 thought m y safety when touching the  virtual 
balloons was:
1 SA
6 Did you feel con fiden t w hen  popping  virtual 
balloons?
M y  overall confidence w hen touching the virtual 
balloons was:
1 SA
7 0 .1 None This scenario m ade m e feel dizzy 2 SA
Part 2: The following part of the questionnaire is about the hand and arm exercise B. Please answer the following questions 
by crossing or ticking what you consider to be the most appropriate answer
7 The exp lanation  o f how  to  pack v irtual balls 
and  virtual boxes w as:
The explanation o f how to  pack the virtual balls and 
virtual boxes was:
1 N /A
8 How easy  w as it to  contro l th e  v irtual hand? 1 would rate my ease in controlling the  virtual hand 
as:
1 C
9 How easy  w as it to  reach  th e  balls and  th e  
boxes th a t  w ere  on th e  tab le?
How easy was it to  reach for the balls and the boxes 
th a t w ere on the  table?
1 C
1 0 How easy  w as it to  d rop  th e  balls and  th e  
boxes in to  th e  co rrec t co n ta iner?
M y ability to  drop the  balls and the boxes in the  
correct container was:
1 C
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1 1 How en joyab le  w as it to  c lear th e  balls and 
th e  boxes from  th e  tab le?
How enjoyable was it to  clear the balls and the  
boxes from  the table?
1 S
12 How safe  w as it to  c lear th e  balls and  th e  
boxes from  th e  tab le?
1 thought my safety when clearing the balls and the  
boxes from  the table  was:
1 SA
13 Did you feel confiden t w hen  clearing  th e  
balls and  th e  boxes from  th e  tab le?
M y  overall confidence when clearing the  balls and 
the  boxes from  the table was:
1 SA
7 0 .2 None This scenario m ade m e feel dizzy 2 SA
Part 3: The following part of the questionnaire is about the stepping exercise A. Please answer the following questions by 
crossing or ticking what you consider to be the most appropriate answer
1 4 The exp lanation  of how  to  contro l th e  virtual 
fe e t  w as:
The explanation of how to control the  virtual feet 
was:
1 N /A
1 5 How easy  w as it to  con tro l th e  virtual fe e t? 1 would rate m y ease in controlling the  virtual feet 
as:
1 C
1 6 How easy  w as it to  s top  th e  collision 
b e tw een  virtual fe e t  and  v irtual obstac le s?
M y  ability to  stop the collisions betw een the  virtual 
fe e t and virtual obstacles was:
1 C
1 7 How en joyab le  w as it to  con tro l virtual fe e t? How enjoyable was it to  control virtual feet? 1 S
1 8 How safe w as it to  s to p  collision b e tw een  
virtual fe e t  and  virtual o bstac les?
1 thought my safety when stopping the  collision 
betw een the  virtual fe e t and the  virtual obstacles 
was:
1 SA
1 9 Did you feel confiden t w hen  stopp ing  
collision b e tw een  v irtual fe e t and  virtual 
obstac les?
M y  overall confidence when stopping the  collision 
betw een the  virtual feet and the virtual obstacles 
was:
1 SA
7 0 .3 None This scenario m ade m e feel dizzy 2 SA
Part 4: The following part of the questionnaire is about the stepping exercise B. Please answer the following questions 
by crossing or ticking what you consider to be the most appropriate answer
2 0 The exp lanation  o f how  to  contro l th e  v irtual 
ducks w as:
The explanation o f how to  control the  virtual ducks 
was:
1 N /A
2 1 How easy  w as it to  contro l th e  v irtual ducks? How easy was it to  control the  virtual ducks? 1 C
22 How easy  w as it to  s to p  collision b e tw ee n  
virtual ducks and  virtual obstac les?
M y  ability to  stop collisions betw een the virtual 
ducks and the virtual obstacles was:
1 C
23 How en joyab le  w as it to  help th e  virtual 
ducks to  n o t collide w ith v irtual o bstac les?
1 would rate m y enjoym ent in helping the  virtual 
ducks to  not collide w ith  the virtual obstacles as:
1 S
2 4 How safe  w as it to  help th e  v irtual ducks to  
n o t collide w ith v irtual o bstac les?
1 thought m y safety when helping the virtual ducks 
to  not collide w ith  the virtual obstacles was:
1 SA
2 5 Did you feel con fid en t w hen  helping th e  
virtual ducks to  n o t collide w ith virtual 
obstac les?
M y  overall confidence when helping the  virtual 
ducks to  not collide w ith  the  virtual obstacles was:
1 SA
7 0 .4 None This scenario m ade m e feel dizzy 2 SA
Part 5: The following part of the questionnaire is about the virtual knee exercise A. Please answer the following questions by 
crossing or ticking what you consider to be the most appropriate answer
2 6 The exp lanation  of how  to  contro l th e  virtual 
skele ton  w as?
The explanation o f how to  control the  virtual 
skeleton was?
1 N /A
2 7 How easy  w as it to  contro l th e  virtual 
skele ton?
The ease of controlling the virtual skeleton was: 1 C
2 8 How easy  w as it to  pop balloons by th e  
virtual knee?
[ would rate m y ability to  touch balloons by the  
virtual knee as:
1 C
2 9 How enjoyable  w as it to  con tro l th e  v irtual 
skele ton?
How enjoyable was it to  touch balloons w ith  the  
virtual knee?
1 S
3 0 How enjoyab le  w as it to  pop balloons by th e  
virtual knee?
1 thought m y safety w hen controlling the  virtual 
skeleton was:
1 SA
3 1 How safe  w as it to  con tro l th e  virtual 
skele ton?
M y  overall confidence w hen controlling the  virtual 
skeleton was:
1 SA
7 0 .5 Did you feel con fid en t w hen  contro lling  th e  
virtual skele ton?
This scenario made me feel dizzy 2 SA
Part 6: The following part of the questionnaire is about the virtual knee exercise B. Please answer the following questions by 
crossing or ticking what you consider to be the most appropriate answer
3 2 The explanation  of how  to  contro l th e  virtual 
skele ton  w as?
The explanation o f how to  control the  virtual 
skeleton was?
1 N /A
3 3 How easy  w as it to  contro l th e  virtual 
skele ton?
1 would rate my ease in controlling the virtual 
skeleton as:
1 C
3 4 How easy  w as it to  pop th e  virtual balloon 
inside th e  room ?
The ease o f touching the virtual balloons inside the  
room was:
1 C
3 5 How enjoyab le  w as it to  pop th e  virtual 
balloon inside th e  room ?
M y enjoym ent in touching the virtual balloons 
inside the room was:
1 S
3 6 How safe w as it to  con tro l th e  virtual 
skele ton?
1 would rate my safety in controlling the  virtual 
skeleton as:
1 SA
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3 7 Did you feel con fiden t w hen  contro lling  th e  
v irtual skele ton?
M y  overall confidence when controlling the virtual 
skeleton was:
1 SA
7 0 .6 N one This scenario made m e feel dizzy 2 SA
Part 7: The following part of the questionnaire is about walking on the treadmill with Self- Selected Speed. Please answer the 
following questions by crossing or ticking what you consider to be the most appropriate answer
3 8 The tra in ing  on how  to  walk on th e  treadm ill 
w ith self se lec ted  speed  w as:
The training on how to  w alk  on the  treadm ill w ith  
self selected speed was:
1 N /A
3 9 How easy  w as it to  s ta r t walking from  
sto p p in g  treadm ill?
1 thought my ease in starting walking from  standstill 
w hen on the treadm ill was:
1 C
4 0 How easy  w as it to  s top  com fortably? The ease o f stopping com fortably was: 1 C
4 1 How easy  w as it to  m ain tain  your 
com fo rtab le  w alking sp eed ?
1 would rate m y ability to  m aintain a com fortable  
walking speed as:
1 C
4 2 How en joyab le  w as it to  walk on th e  
treadm ill w ith o u t th e  virtual en v iro n m en t?
The enjoym ent in walking on the  treadm ill w ithou t 
the virtual environm ent was:
1 S
4 3 How easy  w as it to  contro l th e  virtual hand 
as you w alked on th e  treadm ill?
How easy was it to  control the  virtual hand as you 
w alked on the treadm ill?
1 C
4 4 How en joyab le  w as it to  walk on th e  
treadm ill w ith th e  virtual en v iro n m en t?
The enjoym ent o f walking on the  treadm ill w ith  the  
virtual environm ent was:
1 S
4 5 How safe  w as to  w alk on th e  treadm ill 
w ith o u t th e  virtual reality?
M y  safety in walking on the treadm ill w ithou t the  
virtual reality was:
1 SA
4 6 Did you fee l con fiden t w hen  w alking on th e  
treadm ill w ith o u t th e  v irtual reality
M y overall confidence when walking on the  
treadm ill w ithou t the  virtual reality was:
1 SA
4 7 How safe  w as to  walk on th e  treadm ill w ith 
th e  v irtual reality?
M y safety when walking on the treadm ill w ith  the  
virtual reality was:
1 SA
4 8 Did you feel con fiden t w hen  w alking on th e  
treadm ill w ith th e  v irtual e n v iro n m en t
M y overall confidence when walking on the  
treadm ill w ith  the virtual environm ent was:
1 SA
7 0 .7 N one This scenario made me feel dizzy 2 SA
Part 8: The following part of the questionnaire is about the Self-Controlled Speed. Please answer the following questions by 
crossing or ticking what you consider to be the most appropriate answer
4 9 The tra in ing  of how  to  walk on th e  treadm ill 
w ith self-contro lled  speed  w as:
The training o f how to  walk on the  treadm ill w ith  
self-controlled speed was:
1 N /A
5 0 How easy  w as it to  s ta r t w alking from  
stopp ing  treadm ill?
The ease o f starting to  w alk from  stationary on the  
treadm ill was:
1 C
51 How easy  w as it to  stop  com fortably? How easy was it to  stop comfortably? 1 C
52 How easy  w as it to  m aintain  your 
com fo rtab le  w alking sp eed ?
M y  ease in m aintaining the  com fortable walking 
speed was: '
1 C
53 How en joyab le  w as it to  walk on th e  
treadm ill w ith th e  self con tro lled  sp eed ?
1 would rate my enjoym ent in walking on the  
treadm ill w ith  the  self controlled speed as :
1 S
5 4 How safe w as to  walk on th e  treadm ill w ith 
th e  self con tro lled  sp eed ?
1 thought m y safety when walking on the  treadm ill 
w ith  the  self controlled speed was:
1 SA
5 5 How w as you r confiden t to  w alk on th e  
treadm ill w ith self con tro lled  sp eed ?
M y  overall confidence when walking on the  
treadm ill w ith  self controlled speed was:
1 SA
7 0 .8 None This scenario m ade m e feel dizzy 2 SA
Part 9: The following part of the questionnaire is about a walking in the virtual city. Please answer the following questions 
by crossing or ticking what you consider to be the most appropriate answer
5 6 The exp lanation  of how  to  contro l th e  virtual 
city w as:
The explanation o f how to  control the  virtual city 
was:
1 N /A
5 7 How easy  w as it to  contro l th e  v irtual city? The ease o f walking across the  virtual city was: 1 C
5 8 How easy  w as it to  con tro l you r sp eed ? 1 would rate the  ease w ith  which 1 could control the  
treadm ill speed as:
1 C
5 9 How easy  w as it to  judge  th e  d istance 
b e tw ee n  th e  main view  and th e  virtual balls?
1 thought my ability in judging the distance between  
the main v iew  and the virtual balls was:
1 C
6 0 How easy  w as it to  change from  one 
c o n sta n t sp eed  to  a n o th e r  c o n sta n t sp eed ?
1 would rate m y safety when changing from  one  
speed to  another as:
1 SA
6 1 How en joyab le  w as it to  s to p  colliding w ith 
virtual balls?
The enjoym ent o f not colliding w ith  the virtual balls 
was:
1 S
62 How safe w as to  contro l th e  v irtual city while 
walking on  th e  treadm ill?
M y safety w hile walking on the treadm ill to  cross 
the  virtual city was:
1 SA
6 3 Did you feel con fiden t w hen  controlling th e  
virtual city while walking on th e  treadm ill?
M y  overall confidence w hile walking on the  
treadm ill to cross the  virtual city was:
1 SA
7 0 .9 None This scenario m ade me feel dizzy 2 SA
Part 10: The following questions are general questions about your overall opinion of the Surrey Virtual Reality System. 
Please answer the following questions by crossing or ticking what you consider to be the most appropriate answer
6 4 This system  helped  m e to  increase  my 
know ledge of virtual reality
This system helped me to  increase my knowledge o f 
virtual reality
2 N /A
6 5 This system  en co u rag es  m e to  use th e This system would encourage m e to  use the 2 N /A
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treadm ill w ithout virtual reality treadm ill w ithou t virtual reality
6 6 This system encourages me to  use the  
treadm ill w ith virtual reality
This system would encourage m e to  use the  
treadm ill w ith  virtual reality
2 N /A
6 7 1 would like to use this system during my 
normal rehabilitation session
1 w ould like to  use this system during m y normal 
rehabilitation session
2 U
6 8 1 would like to  use this system again 1 would like to  use this system again 2 N /A
7 0 This system makes me feel dizzy This system m ade m e feel dizzy 2 SA
7.3.3 Ethical Proposal
Ethical approval for this pilot investigation was required from the NHS, and the University of 
Surrey. As well as a site approval was also required from the Joint Research Office at St 
George's Hospital. An online application was completed by using the IRAS in order to 
submit the completed online application in addition to the following documents (attached in 
appendix G) to the London Bloomsbury Research Ethics Committee (specialised in 
Paediatric Research):
Children information sheet
Parents/Guardians information sheet
Consent forms for (children over 16 years old and parents)
Assent form for children less than 16 years old
Participants’ questionnaire A
Participants’ questionnaire B
Risk assessment for the study
Study protocol
Invitation letter to participants 
Invitation letter to therapists 
Framework of open discussion 
Health insurance
The committee members met Prof Ewins, Dr Abasolo, and the author to discuss the study 
with them. It was suggested to them to modify the first draft of participants’ information 
sheet as it was exactly as the parents/guardians information sheet in order to make it easier to 
children. It was also suggested to them to avoid repeating phrases in questionnaire form B. 
Updated documents were then sent to the committee who granted the NHS Ethical approval
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(see appendix G for approval letter). Then the above doeuments and the site application form 
were sent to St George’s Joint Research Office who granted the host approval without any 
comments. The above documents and the completed protoeol form of the University of 
Surrey were submitted to the University Researeh Ethics Committee who asked for the 
preparation of an information sheet for physiotherapists in order to grant their approval. 
Further to this request, an information sheet for physiotherapists was prepared and then 
submitted to the University Researeh Ethics Committee. All the approval letters are attached 
in appendix F.
7.4 Summary
The spécifié virtual rehabilitation scenarios and experimental work related to the practicality 
of the SVRS were introduced in this chapter. There were eight virtual scenarios presented in 
this chapter, whieh aimed at improving rehabilitation of balance and walking. Six of them can 
be achieved in a standstill position, whieh described by the elinical team as they are suitable 
for balance exercises. The other two VR scenarios are interfaeed with the treadmill when 
using its speed buttons and the RTSCA and the clinical team feels that they can be used for 
gait rehabilitation. The investigation protocol is summarised in Table 7.3. The approach used 
to design the questionnaire was also introduced in this ehapter.
The results and the analysis of the perspectives on the praetieality of the SVRS are discussed 
in the following chapter.
Intervention or 
procedure
Average time taken per 
intervention/procedure 
(minutes)
Details of who the intervention/procedure was conducted
Completing 
questionnaire A 
and signing 
consent forms
5 The partic ipan ts  and  th e ir  p a re n ts  w e re  asked to  co m p le te  th e  q u estio n n a ire  
A and  th e  o th e r  re levan t d o cu m e n ts  in th e  Gait L aboratory
Stage 1.1: Hand 
and Arm Exercise 
A
2.5 In th is exercise, th e  partic ipan ts  w e re  asked to  s tan d  in fro n t o f th e  screen  
and  carry a p o in te r in o rd e r to  to u ch  v irtual balloons th a t  a p p ea re d  on  th e  
screen  in se lec ted  random  positions in th e  virtual w orld. At th e  e n d  o f th is  
exercise, th e  pa rtic ip an t w e re  th e n  asked  to  co m p le te  th e  first p a rt of 
Q uestionnaire  B.
Stage 1.1: Hand 
and Arm Exercise 
B
2.5 In th is exercise, th e  pa rtic ipan ts  w e re  asked  to  place virtual o b jec ts  balls and  
boxes in to  virtual barre ls  by using th e ir  con tro l o f th e  v irtual hand . At th e  end  
o f th is  exercise, th e  pa rtic ipan t w e re  th e n  asked to  c o m p le te  th e  second  p a rt 
o f Q u estionnaire  B.
Stage 1.2:Stepping 
Exercise A
2.5 in th is  exercise, th re e  m arkers w e re  placed on each  fo o t of th e  partic ipan ts. 
They w ere  th e n  asked to  s top  th e  virtual fe e t colliding w ith virtual o b stac le s  
by lifting th e  co rrec t fo o t up a t th e  a p p ro p ria te  tim e . At th e  end  of th is  
exercise, th e y  w ere  asked to  C om ple te  th e  th ird  p a rt o f Q u estio n n a ire  B.
Stage 1.2:Stepping 
Exercise B
2.5 in th is  exercise, th e  partic ipan ts  w e re  asked to  help  v irtual ducks n o t to  
collide w ith virtual obstac les  w hile th e  ducks a re  w alking in a v irtual park. At 
th e  end  of
th is  exercise, th e  partic ipan ts  w e re  asked  to  c o m p le te  th e  fo u rth  p a rt of 
Q uestionnaire  B
Stage 1.3: Knee 2.5 in th is  exercise, th e  partic ipan ts  w e re  asked  to  to u ch  balloons using a v irtual
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Exercise A knee. In order to do so, they were asked to bend the appropriate knee raising 
it up to reach the balloon that appeared on the screen in selected random  
positions. At the end of this exercise, the participants were asked to complete  
the fifth part of Questionnaire B.
Stage 1.3: Knee 
Exercise B
2.5 In this exercise, the virtual skeleton o f the participant were came into view  
inside a virtual room. Virtual balloons appeared at selected positions in the  
virtual room. The participants were asked to  touch the virtual balloon as 
described in exercise A. At the end this exercise, the participant were then  
asked to
complete the sixth part of the Questionnaire B
Stage 2.1 A: 
Treadmill 
Training without 
VR using the 
speed buttons
2.5 The participants were asked to start walking on the treadm ill and to adjust 
the speed by using the speed buttons on the treadm ill until they feel that 
they were walking at their comfortable walking speed. The speed was 
monitored and the participants were asked to maintain their speed for a 
further 60 seconds. A fter this tim e, they were asked verbally to  reduce their 
speed to zero gradually.
Stage 2.1 B: VR 
based treadmill 
Training using the 
speed buttons
2.5 The participants were asked to  start walking on the stationary treadm ill tha t 
was connected to the computer. This connection allows the treadm ill to  
control the virtual environm ent speed that was adjusted using the speed 
buttons on the treadm ill. The participants were asked to carry a pointer that 
controlled the virtual hand in order to touch virtual balloons that appeared in 
the virtual environment. The participants were asked to maintain their speed 
for a further 60 seconds. After this tim e, they were asked verbally to reduce 
their speed to zero gradually.
At the end of this exercise, the participant were asked to complete the  
seventh part o f Questionnaire B
Stage 2.2A: 
Treadmill 
Training without 
VR using the 
RTSCA
2.5 The participants were asked to walk forward slowly to reach w hat they  
considered to be their comfortable walking speed. Qnce they have started  
walking at their comfortable walking speed, they were asked to maintain that 
speed for 20 seconds. A fter this tim e, they were asked to reduce their speed 
gradually to zero.
At the end o f this exercise, the participant were asked to complete the eighth 
part of Questionnaire B
Stage 2.2B: 
Treadmill 
Training with VR 
using the RTSCA
2.5 As in Stage 2.2A, but in this trial the participants were asked to walk across a 
virtual city. They were asked to avoid colliding with a large virtual ball that 
appeared on the centre of the virtual main view. They were asked to do so by 
reducing their speed when the ball appeared and to increase the speed once 
the ball disappeared.
At the end of this exercise, the participant were asked to complete the final 
parts of Questionnaire B
Face to face 
discussion
30 A short discussion with participants and their parents was carried out by the  
author and a m em ber of the clinical team  at the end of the course of the  
study.
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8 Pilot Perspectives on the Practicality of the SVRS from 
Able-Bodied Adults and Children with CP
8.1 Introduction
This chapter reports on results of the responses to questionnaires discussed in the previous 
chapter. Section 8.2 introduces approach of data collection and analysis. This is followed by 
section 8.3, which demonstrates participants’ data. The results and discussion of perspectives 
on the practicality of the SVRS are presented in section 8.4. The main conclusions that are 
drawn from this pilot study are outlined in section 8.5.
8.2 Data Collection and Analysis 
• Data Source:
Data for the analysis was gathered from the participants based on four procedures:
>  Questionnaire form A
Participants were given questionnaire A to be completed prior to performing the study 
protocol discussed in the previous section. The questionnaire form A was used to gather 
information about participants’ experience in using treadmill and playing computer games, 
and their knowledge of 3D systems. The data obtained from this form was used in the next 
subsection to describe participants.
>  Questionnaire form B
Questionnaire B was designed to assess components of the practicality of the SVRS as 
mentioned in chapter seven, section 7.3.1. It was divided into 10 sections; each consisted of a 
number of closed-ended questions that were used to be filled out independently and 
immediately after each exercise. Questions in each section were used to evaluate the first 
three elements (S, C, and SA) of the practicality of the SVRS following each exercise.
In addition, five questions were asked in order to evaluate the perspectives of the overall 
usefulness of the SVRS. An open-ended question asking participants for any further 
comments was used to gather participants’ opinion on the SVRS.
>  Short discussion session
A  short discussion with participants, parents, and a treating physiotherapist who was 
available, was carried out by the author and a member of the clinical team. The aim of this
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discussion was to discuss their perspectives into the usefulness and clinical relevance of VR 
scenarios. Furthermore, their perspectives on future use of the system were sought.
>  Motion cavturins data
Motion capture data of participants was saved automatically in Excel spreadsheets using code 
that was written by the author in Vizard. The saved data was either 6D0F or 3D based on the 
task. When it was appropriate, the data was used to examine if the SVRS can provide relevant 
outcomes which show participant performance and their strategies to complete a task. These 
outcomes varied based on the task nature and they will be outlined with the results.
• Data Analysis
>  Questionnaire and Discussion
A descriptive table was designed in order to present responses to the closed-ended questions 
for each section of the questionnaire. The data gathered from the open-ended question and the 
discussion session was used to review the results of the closed-ended questions.
Responses to the face and typical Likert scale were evaluated based on the following strategy:
• “Brilliant” or “Good” and “Strongly Agree” or ”Agree” responses were considered as 
a positive response.
• “Ok” and “Neither Agree nor Disagree” responses were considered based on the 
responses to the other questions; if they were positive, “Ok” or “Neither Agree or 
Disagree” response was recorded as a ‘positive’ neutral response.
• “Bad” or “Awful” and “Disagree” or ’’Strongly Disagree” responses were considered 
as negative response
The question asking participants if the scenario made them feel dizzy was not reported in 
the descriptive table for the first nine sections. If any participants responded that they felt 
dizzy after any exercises, the results are reported in the discussion of the last section of 
the questionnaire (Q70).
>  Motion Capture Data
All saved data were reviewed; the 3D data was manually copied and then saved in another 
Excel sheet for quantitative analysis. Appropriate outcomes were analysed in order to 
evaluate participants’ performance when using the SVRS. For stage one, median and range of 
distance and time were calculated when appropriate by using Microsoft Excel 2007 and then
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presented in a table. For stage two, a mean and/or a standard deviation of treadmill speeds 
were also calculated as outcome measures. The strategy for walking across the virtual city 
was illustrated in figures for each participant.
• Presentation of Data Analysis
In the next subsections, each section from questionnaire B is presented, followed by a 
descriptive table of the responses to the questions of that section. Results of outcomes are 
then summarised in a table followed by participants’ comments, if  there were any. The 
discussion of these results and the possible conclusion from this data are then presented. The 
limitations of this investigation are discussed in chapter ten.
8.3 Research Participants
Six invitation letters were sent to prospective volunteers with CP who met the inclusion 
criteria, but only two of them responded and agreed to participate. In total, two children with 
CP and three clinicians (able-bodied) participated in this study. In addition to the description 
of each participant below, their details are summarised in Table 8.1.
The first participant (Cl) with CP was a 14-year- old female who was bom with right 
Hemiplegia. At the time of the investigation, the severity of motor impairment was classified 
according to the GMFCS as level I. She had been undergoing private physiotherapy that 
consists of strengthening and stretching exercises, two sessions a month, in addition to 
regular treadmill training at home. She has access to play LIFE computer games for less than 
once a month.
The second participant (C2) with CP was a 16-year- old male who was bom with left 
Hemiplegia. His mobility was classified as level I according to the GMFCS. He is usually 
receiving six conventional physiotherapy sessions a year, which included strengthening and 
stretching exercises. C2 usually wears eyeglasses to correct and compensate his vision 
deficiency (long sighted). He had started performing irregular exercises on a treadmill for two 
years; the last time he used a treadmill was six weeks prior the investigation. C2 has a 3D 
monitor at home to play computer games and watch movies. He also engaged in typical 
conventional adventure, sport, and shooter computer games about once a day.
The first able-bodied participant (Al) was a 40 -year- old female who has been working as a 
physiotherapist for about 20 years in upper and lower extremities. She has been using a
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treadmill for running for about 20 years. In her practical experience, she was involved in 
rehabilitation sessions based on using Wii games for amputee patients.
The second able-bodied participant (A2) was a 23-year- old female who was a pre-registrant 
clinical scientist. She used to run on a treadmill for about three years. A2 did not play 
computer games regularly as she had not access to a computer that could be used for 
computer games. However, A2 loves to play puzzle and/or adventure games for less than 
once a month when it is possible.
The third able-bodied participant (A3) was a 24-year- old male who was pre-registrant 
clinical scientist. He has watched a 3D movie, which enabled him to have some knowledge of 
3D systems. A2 has an access to play adventure and/or shooter computer games for about 
once a month.
Table 8.1: A summary of general information about participants
C l C2 Al A2 A3
Age ( years) 14 16 42 23 24
Gender Female Male Female Female Male
Height (cm) 168 177 180 190 169
Arm length (cm) 60 70 73 80 70
Has knowledge of 3D? No Yes No No Yes
Plays computer games Yes Yes No Yes Yes
Has experience on walking on a treadmill? Yes Yes Yes Yes No
Receive ongoing Rehabilitation Yes Yes N/A N/A N/A
Side affected ( arm and leg) Right Left N/A N/A N/A
Vision deficiency No Yes No No No
In addition to the participants listed above, a parent for each child with CP and a 
physiotherapist (PH) for Cl observed the SVRS during the test. PH is a private senior 
paediatric physiotherapist.
8.4 Perspectives on the Practicality of the SVRS
8.4.1 Perspectives on Hand and Arm Exercise A
After completing the three trials of this exercise, six questions (see Table 8.2) were asked.
Q l The explanation of how to control the virtual hand was:
Q2 1 would rate my ease in controlling the virtual hand as:
Q3 M y ability to touch the virtual balloons was:
Q4 1 would rate my enjoyment in touching the virtual balloons as:
Q5 1 thought my safety when touching the virtual balloons was:
Q6 M y overall confidence when touching the virtual balloons was:
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The response to questions shown in Table 8.2 are summarised in Table 8.3.
Table 8.3: The participants’ responses to questions in Table 8.2. A1-A3 refer to able-bodied participants, while
Cl and C2 refer to children with CP
Ql Q2 03 Q4 05 06
Brilliant A1&A3 C1,A1,&A3 A2 C1,C2,A1,A2,&A3 C1,C2,&A1
Good C1,C2,A1,A2,&A3 C1,C2,A2 C2&A2 C1,C2, A1,&A3 Al &A3
Positive (out of 5) 5 5 5 5 5 5
Ok
Poor
Awful
Naiative (out of 5) 0 0 0 0 0 0
Every time participants performed a trial of this task a file of their arm movements from the 
kinematic data was appended. These data were used to quantify the following outcomes that 
can be used to determine participants’ performance to achieve the trial:
• Total number of balloons touched
• Distance that is normalised to arm length and represents the path between the base of 
the hand and a virtual balloon
• Time that was taken to cover the distance
The results of these outcomes are summarised in Table 8.4. The results show that the median 
distance that was taken to move arms of the participants from the base to touch balloons in 
each trial is varied.
Table 8.4: Results of outcomes during Hand and Arm Exercise A.
Left Arm Trial
Outcomes Cl C2 Al A2 A3
Normalised Distance
Median (% of actual arm length) 52.0 63.0 79.0 74.0 68.0
Range (% of actual arm length) 20.0-99.0 37.0-94.0 44.0-99.0 18.0-92.0 25.0-97.0
Time taken to touch a balloon Median (s) 1.3 1.9 2.0 1.3 1.8
Range (s) 0.5-2.2 1.2-2.6 1.8-3.0 0.8-2.3 0.7-1.8
Score ( out of 19) 18.0 17.0 19.0 19.0 19.0
Dominant arm Yes No No No Yes
Right Arm Trial
Cl C2 Al A2 A3
Normalised Distance
Median (% of actual arm length) 82.0 65.0 78.0 65.0 86.0
Range (% of actual arm length) 51.0-99.0 28.0-87.0 22.0-97.0 36.0-95.0 21.0-98.0
Time taken to touch a balloon Median (s) 1.3 1.2 1.9 1.2 2.0
Range (s) 0.8-1.8 0.7-2.3 1.5-2.3 0.8-1.8 0.8-2.5
Score ( out of 19) 18.0 18.0 19.0 19.0 19.0
Dominant No Yes Yes Yes No
Both Arms Trial
Cl C2 Al A2 A3
Normalised Distance
Median (% of actual ann length) 68.0 60.0 72.0 76.0 65.0
Range (% of actual arm length) 30.0- 99.0 20.0-90.0 58.0-91.0 58.0-94.0 37.0-92.0
Time taken to touch a balloon Median (s) 1.3 s 1.5 2.2 1.6 1.5
Range (s) 0.6-1 .9 0.8-2.0 1.6-2.5 1.2-2.3 0.8-2.1
Score ( out of 19) 18.0 17.0 19.0 19.0 19.0
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For the open discussion with participants, only A l and the parent of Cl commented on this 
exercise. Al claimed that the scenario was perfect for rehabilitation purposes. It can help to 
improve reaching while focusing on maintaining the balance in standstill position. However, 
she also suggested that there should be a way to ensure that subjects will return their arm 
back to the base before touching the other balloon. Although participants were asked to move 
their arm from the base to touch a balloon and then return the arm to the start position, there 
was a possibility to cheat on moving the hand from the base at each time to touch a balloon. 
The parent of Cl stated that the scenario motivated his daughter, however, he also suggested 
running the scenario with different speeds which could make it more challenging.
The practicality elements of the SVRS during this task were examined through the responses 
to five questions as follows:
• Satisfaction was tested by Q4
• Safety was evaluated through the response to Q5, Q6 , as well as the observation
• Comfort was examined through the answer to Q2, and Q3
Table 8.3 shows that all participants were satisfied with the practicality of the SVRS when 
they performed this exercise. At the beginning, participants received from the author an 
explanation on how to control the virtual hand in order to perform the task; it was then 
followed by instructions presented on the screen. Although the results (see Table 8.3) show 
that all participants were satisfied with the explanation that was provided, they did not follow 
the procedure of moving the arm from the base to the target and then returning it to the base. 
The results presented in Table 8.3 show that participants with CP and able-bodied 
participants were satisfied with the ease of controlling the virtual hand in order to touch 
virtual balloons. The safety when they moved their arm to touch virtual balloons was found to 
be satisfactory for all of them. The enjoyment and the ability to touch the virtual balloons 
were also found to be satisfactory. The results also indicate that they controlled the virtual 
hand to touch virtual balloons with confidence.
The outcome measures have been presented in this pilot study in order to determine how far 
the SVRS can measure individual performance. The results ( see Table 8.4) indicate that the 
participants moved their left arm from the base to touch balloons that appeared on their left 
side within a range of median distance between 52.0 and 79.0 (% of a participant’s arm 
length). The range of the median time that was taken to cover that distance was between 1.3 s
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and 2.0 s. For children with CP, the results in Table 8.4 show that Cl touched 18 balloons out 
of 19 with her dominant left arm covering a median distance of 52% of her arm length, while 
C2 moved his affected left arm from the base to reach a target a median distance of 63 % of 
his arm length. For able-bodied volunteers, the results show that A3 moved his left dominant 
arm from the base to touch balloons in the shortest median distance in comparison with Al 
and A2.
As presented in Table 8.4, Cl moved the right affected arm from the base to touch balloons at 
a median distance of 17% (of actual arm length) more than the median distance of the right 
arm movement of C2. Al and A2 moved their dominant right arm at least a median distance 
of 8% (of actual arm length) less than what A3 did to touch balloons, within a shorter time. In 
the third trial, the participants swapped the pointer between both hands to touch balloons that 
appeared on both sides. The results show that they moved their arms to touch balloons a 
median distance that was comparatively equal to the distance of their dominant arm, within 
varied time.
The results presented in Table 8.4 suggest that each participant might use a different 
approach to touch balloons. This was also noticed during the observation on how they moved 
their arms to reach the targets. It was noticed that all participants did not maintain their 
original position (it is used to initialise the balloons’ positions with respect to their actual arm 
length and height) over trials, which might be the reason for differences in the results of 
outcome between individuals. Despite these limitations, the results generally show the 
feasibility of the SVRS to assess users’ performance.
To sum up, the results presented above show that participants were satisfied from the 
scenario and did not find any difficulties in completing it successfully. The SVRS enabled the 
participants to perform the task safely with acceptable level of motivation and confidence. 
Measured outcomes show that each participant might use an approach to touch balloons, 
which can lead one to suggest that there is an opportunity to measure participants’ 
performance over time.
8.4.2 Perspectives on Hand and Arm Exercise B
For the purpose of exploring the perspectives on the second virtual rehabilitation scenario, 
seven questions (see Table 8.5) were asked.
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Table 8.5: Questionnaire for VR scenario during Hand and Arm Exercise B
q? The explanation of how to pack the virtual balls and virtual boxes was:
Q8 1 would rate my ease in controlling the virtual hand as:
Q9 How easy was it to reach for the balls and the boxes that were on the table?
Qio My ability to drop the balls and the boxes in the correct container was:
Q ii How enjoyable was it to clear the balls and the boxes from  the table?
Q12 1 thought my safety when clearing the balls and the boxes from  the table was:
Q13 M y overall confidence when clearing the balls and the boxes from the table was:
The responses to these questions are summarised in Table 8 .6 .
Table 8.6: The participants’ responses to questions in Table 8.5. A1-A3 refer to able-bodied participants, while
C1 and C2 refer to children with CP
Q7 Q8 Q9 QIO Q ll Q12 Q13
Brilliant A3 C2 ,A2,&A3 A3
Good C1,C2,A2, &A3 A2 A2&A3 C1,C2,A1,A2,&A3 C1,C2,A1,A2,&A3 Cl&Al Cl, C2, 
A1,&A2
Positive fout of 5) 4 2 2 5 " ’ 5 ’ 5 5
Ok A1 Cl, C2, & A1 Cl, C2,& A1
Poor
Awful
, Negative (out of 5) 0 0 0 0 0 0 0
The following outcomes were measured in order to determine participant performance during 
the task:
• Distance that is normalised to the arm length and represents the path between the base 
of the hand and a virtual object on the table
• Time taken to achieve the distance above
• Amount of time taken to clear the virtual objects from the table 
Table 8.7 shows the results of outcome measures for each participant.
Table 8.7: Results of outcomes during Hand and Arm Exercise B
Cl C2 A1 A2 A3
Normalised Distance
Median (% of actual arm length) 101.0 84.0 102.0 71.0 107.0
Range (% of actual arm length) 26,0-
156.0
24.0-
129.0
36.0-
151.0
46.0-
146.0
33.0-
179.0
Time taken to reach an object 
on the table
Median (s) 2.1 2.2 2.6 2.0 1.6
Range (s) 1.0-4.5 1.1-4.4 1.2-6.6 1.2-3.1 1.2-2.8
Completion Time (s) 37.0 49.0 41.0 43.0 33.0
The practicality elements of the SVRS during this task were examined through the responses 
to six questions as follows:
• Satisfaction was tested by Q11
• Safety was evaluated through the response to Q 12, Q13, as well as the observation
• Comfort was examined through the answer to Q8, Q9, and QIO
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The results presented in Table 8.6 indicate that perspectives of children with CP on the 
practicality of the SVRS during the task were not different from those of able-bodied 
volunteers. For example, the results suggest that the participants were convinced with the 
satisfaction and the safety of the SVRS. For comfort, the results indicate that they were 
satisfied to clear the objects from the table by controlling the virtual hand. For individual 
responses, A2 and A3 were certainly positive of the comfort of the SVRS, while children 
with CP and A1 were less satisfied. This difference in the perspectives into the comfort of 
using the SVRS during this task might be due to the fact that children with CP found it harder 
to control the hand while they were supposed to make some movements. In the case of A l, 
the task was not clear to her as she commented on the lack of the explanation that was 
provided. For instance, making movements forward, backward, and to both sides are required 
in order to reach the virtual objects. Swapping the pointer between the arms to reach the 
nearest object and barrel is also required as part of completing the task correctly. To drop the 
grabbed object, the participant must move it to touch a small red box that is placed on top of 
each barrel. After some observation, it was noticed that only C2 and A2 performed the task 
based on these instructions, which reflect the median distance (see Table 8.7) the arms 
travelled to grab objects. From Table 8.7 it can be noticed that the shortest median distance of 
grabbing an object was achieved by C2 and A2. The shortest completion time of the task was 
33 s and this was achieved by A3.
Briefly, the results generally suggest that the practicality of the SVRS is satisfactory for 
children with CP and able-bodied volunteers, however, some modifications should be 
considered in future work as will be outlined in chapter ten. Each participant used a different 
approach to complete the task.
8.4.3 Perspectives on Stepping Exercise A
Six questions (see Table 8.8) were asked to gather the perspectives into stepping exercise A.
Q 14 The explanation o f ho w  to control the v irtu a l feet was:
Q15 1 would rate my ease in controlling the virtual feet as:
Q16 M y ability to  stop the collisions between the virtual feet and virtual obstacles was:
Q17 How enjoyable was it to  control virtual feet?
Q18 I thought my safety when stopping the collision between the virtual feet and the virtual obstacles was:
Q19 M y overall confidence when stopping the collision between the virtual feet and the virtual obstacles was:
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Table 8.9 shows the responses to these questions.
Table 8.9: The participants’ responses to questions in Table 8.7.A1-A3 refer to able-bodied participants, while
C1 and C2 refer to children with CP
Q14 Q15 Q16 Q17 Q18 Q19
Brilliant C2&A1 Al Al A2 A1&A2 Al
Good Cl, A2, & A3 Cl, C2, A2, & A3 Cl, C2,A2, & A3 Cl, C2, A1,&A3 C1,C2 & A3 Cl, C2,&A2
Positive (out of 51 5 5 5 5 5 5
Ok
Poor
Awful
N a t iv e  tout of 51 0 0 6 0 " 0 ! . 0
In order to examine participant performance the following outcomes were measured:
• Height of foot normalised to the obstacle height
• Time taken to raise the foot up in order to clear obstacles 
The outcomes for each participant are summarised in Table 8.10.
Cl C2 Al A2 A3
Left
Foot
Right
Foot
Left
Foot
Right
Foot
Left
Foot
Right
Foot
Left
Foot
Right
Foot
Left
Foot
Right
Foot
Normalised
Height
Median (% of 
obstacle height)
173.0 120.0 126.0 176.0 203.0 184.0 170.0 167.0 258.0 265.0
Range (of 
obstacle height)
135.0-
200.0
105.0-
145.0
106.0-
156.0
122.0-
185.0
175.0-
237.0
170.0-
205.0
105.0-
195.0
160.0-
215.0
200.0-
232.0
230.0-
290.0
Time Median (s) 0.5 0.5 0.6 0.5 1.3 1.3 0.8 0.8 0.7 0.7
Range (s) 0.4-1.1 0.4-0.9 0.4-
1.5
0.4-0.9 0.7-
1.5
0.7-1.5 0.6-
1.4
0.5-1.3 0.5-
0.9
0.5-
1.0
Touched Obstacles None None None None None
Affected No 1 Yes Yes 1 No No 1 No No 1 No No 1 No
The practicality elements of the SVRS during this task were examined through the responses 
to five questions as follows:
• Satisfaction was tested by Q17
• Safety was evaluated through the response to Q18, Q19, as well as the observation
• Comfort was examined through the answer to Q15 and Q16
The results presented in Table 8.9 indicate that the participants were satisfied with and 
confident of their experience level of using the SVRS to perform this task safely. This 
suggests that they were satisfied with the practicality of the SVRS. The results presented in 
Table 8.10 show that children with CP cleared the obstacles faster than able-bodied 
volunteers. This might be due to the fact that children with CP tried to perform this task and 
other ones during this investigation as they are supposed to use the SVRS for rehabilitation 
purposes. In contrast, able-bodied volunteers kept testing the response of the virtual feet with 
their actual movements, which affected the outcome measures. The results (see Table 8.10)
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suggest that children with CP cleared the obstacles with their affected legs with less height in 
comparison with their non affected leg. Able-bodied volunteers exceed in raising their legs to 
clear obstacles.
8.4.4 Perspectives on Stepping Exercise B
To gather the perspectives into the practicality of the SVRS when participants performed the 
second stepping exercise, six questions (see Table 8.11) were asked.
Table 8.11: Questionnaire for VR scenario during Stepping Exercise B
Q20 The explanation of how to control the virtual ducks was:
Q21 How easy was it to control the virtual ducks?
Q22 My ability to stop collisions between the virtual ducks and the virtual obstacles was:
Q23 1 would rate my enjoyment in helping the virtual ducks to not collide with the virtual obstacles as:
Q24 1 thought my safety when helping the virtual ducks to not collide with the virtual obstacles was:
Q25 My overall confidence when helping the virtual ducks to not collide with the virtual obstacles was:
Responses of participants to these questions as summarised in Table 8.12.
Table 8.12: The participants’ responses to questions in Table 8.1. A1-A3 refer to able-bodied participants, while
Cl and C2 refer to children with CP
Q20 Q21 Q22 Q23 Q24 025
Brilliant A1& A3 Al Al C2&A1 Al ,A2 Al
Good Cl, C2, A2 Cl, C2,A2,&A3 C1,C2,A2, & A3 C1,A2, & A3 Cl, C2, & A3 Cl, C2,A2, & A3
Positive tout of 5"! 5 5 5 5 5 ! 5
Ok
Poor
Awful
Negative tout of 53 0 0 0 0 0 0
In order to evaluate participant performance the following outcomes were measured:
• Height of foot normalised to the obstacle height
• Time taken to raise the foot up in order to clear obstacles 
Table 8.13 presents the results of these outcomes.
Table 8.13: Results of outcomes during Stepping Exercise B
CPI CP2 Al A2 A3
Left
Foot
Right
Foot
Left
Foot
Right
Foot
Left
Foot
Right
Foot
Left
Foot
Right
Foot
Left
Foot
Right
Foot
Highest
Median (% of
obstacle
height)
177.0 135.0 128.0 188.0 168.0 160.0 164.0 168.0 192.0 168.0
Range (of
obstacle
height)
81.0-
211.0
127.0-
166.0
71.0-
133.0
140.0-
220.0
138.0-
180.0
148.0-
168.0
152.0-
196.0
152.0-
196.0
160.0-
200.0
128.0-
212.0
Time Median (s) 0.6 0.8 0.8 0.6 0.9 0.8 0.9 0.9 0.7 0.7
Range (s) 0.3-
0.8
0.4-1 0.7-
1.1
0.4-0.9 0.8-2.0 0.7-1.2 0.5-I.4 0.6-1.3 0.5-1.3 0.4-2.0
Touched Obstacles 2.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Affected | No Yes Yes No No No No No No No
In the case of open discussion, only Al and A3 commented on this scenario and scenario A. 
Al stated that both stepping scenarios would help patients to develop skills in clearing an
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obstacle within a safe and motivated environment. She also stated that such exercises would 
not only improve motor function but it might also help the decision making. A3 stated that 
although both stepping scenarios seem clinically relevant to rehabilitate balance, the second 
stepping scenario was more fun as it requires a subject to control virtual ducks.
The practicality elements of the SVRS during this task were examined through the responses 
to five questions as follows:
• Satisfaction was tested by Q23
• Safety was evaluated through the response to Q24, Q25, as well as the observation
• Comfort was examined through the answer to Q21 and Q22
The results shown in Table 8.12 indicate that all participants responded positively to the 
questions outlined in Table 8.11. This leads to suggest that the participants were satisfied 
with the practicality of the SVRS. The results presented in Table 8.13 indicate all able-bodied 
volunteers cleared all (19) obstacles successfully.Cl did not clear two obstacles that appeared 
in front of her left foot. C2 was also unable to clear four obstacles successfully by using his 
left leg. The results (see Table 8.13) also suggest that children with CP found it harder to 
clear obstacles in this trial in comparison to the first trial. This difficulty might be due to the 
height difference between obstacles in both scenarios.
8.4.5 Perspectives on Knee and Hip Flexion Exercise A
Table 8.14 shows six questions that were asked participants in order to obtain their 
perspectives on the first virtual Hip and Knee flexion exercise.
Q26 The explanation of how to control the virtual skeleton was?
Q27 The ease of controlling the virtual skeleton was:
Q28 1 would rate my ability to  touch balloons by the virtual knee as:
Q29 How enjoyable was it to  touch balloons with the virtual knee?
Q30 1 thought my safety when controlling the virtual skeleton was:
Q31 M y overall confidence when controlling the virtual skeleton was:
Their responses to these questions are presented in Table 8.15.
Table 8.15: The participants’ responses to questions in Table 8.14. A1-A3 refer to able-bodied participants,
while Cl and C2 refer to children with CP
Q 2 6 Q 2 7 Q 2 8 Q 2 9 Q 3 0 0 3 1
B r i l l ia n t A1&A3 A3 A2 C2 ,A1, A3,&A2 A l
Good C1,C2,&A2 A1&A2 A1,A2,&A3 C2,A1, &A3 C l C1,C2, A2,&A3
P o s itiv e  (o u t  o f  5 ) 5 3 3 4 5 5
O k C1,&C2 C1& C2 C l
P o o r
A w fu l
N eg a tive  (o u t  o f  5 )  1 0 0 0 0 1 0 0
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Participant performance in this exercise and the one in the next subsection was evaluated 
based on the following outcomes:
• Knee angle used to touch a balloon
• Time taken to bend the leg up to reach the knee angle 
Table 8.16 shows the results for these outcomes.
Table 8.16: Results of outcomes during Knee and Hip Flexion Exercise A
C P I CP2 A l A 2 A 3
L R L R R 1': L R
A n g le
Median 113.0 101.0 85.0 117.0 93.0 85.0 112.0 112.0 93.0 85.0
Range 98-123 91-138 75-93 96-127 86-96 74-88 75-115 107-115 92-103 73-89
T im e Median 0.8 1.2 1.2 1.3 1.7 1.5 0.8 1.0 0.8 0.7
Range 0.3-1 .3 0.6-1 .9 1.0-1.6 0 .9-1 .7 1.5-1.9 1.4-3.12 0.7-1.3 0.9-1.5 0.5-9 0.4-1 .3
A ffe c te d No Yes Yes No No No No No No No
In the case of open diseussion, able-bodied volunteers commented on this scenario. Their 
comment was on distracting of the control of the virtual skeleton as it was frozen during the 
task. This happened due to the fact that cameras were unable to see RAS marker when 
participants bent their right leg. Al stated that the seenario seems very interesting and 
challenging in training hip flexion. Also she was impressed with the way real-time feedback 
of the knee angle was provided on the sereen. She stated that such feedback would encourage 
patients to improve their progress, however, the position of the feedback on the screen was 
not on the direetion of eye-sight.
The practicality elements of the SVRS during this task were evaluated through responses to 
five questions as follows:
• Satisfaction was tested by Q29
• Safety was evaluated through responses to Q30, Q31, as well as the observation
• Comfort was examined through answers to Q27 and Q28
From Table 8.15 the results indicate that the satisfaction of the SVRS during this task was 
satisfactory for able-bodied volunteers and C2, while Cl found it less enjoyable. During the 
trial with Cl the virtual skeleton stopped more than other participants. This might have 
affected her enjoyment in completing this exereise. This distraction in controlling the virtual 
skeleton might also have affected the perspectives of children with CP; as they might have 
been less able to understand the reasons for stopping them from controlling the virtual
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skeleton. With regards to the safety of the SVRS all participants felt that they controlled the 
virtual skeleton to touch balloons safely with confidence.
For the results presented in Table 8.16, it is difficult to compare performance among 
participants. However, the results suggest that children with CP and A2 made excessive effort 
to flex the knee in order to touch balloons. For children with CP this was easier with their 
unaffected leg. To sum up, it can be generally concluded that the practicality of the SVRS 
during this scenario was satisfactory; however, modifications to how to minimise stopping 
during the task should be considered in future work as will be explained in chapter ten.
8.4.6 Perspectives on Knee and Hip Flexion Exercise B
Six questions (see Table 8.17) were used to gather the perspectives on the second virtual Hip 
and Knee flexion exercise.
Table 8.17: Questionnaire for VR scenario during Knee and Hip Flexion Exercise B
Q32 The explanation of how to control the virtual skeleton was?
Q33 1 would rate my ease in controlling the virtual skeleton as:
Q34 The ease of touching the virtual balloons inside the room was:
Q35 M y enjoyment in touching the virtual balloons inside the room was:
Q36 1 would rate my safety in controlling the virtual skeleton as:
Q37 M y overall confidence when controlling the virtual skeleton was:
The responses to these questions are summarised in Table 8.18.
Table 8.18; The participants’ responses to questions in Table 8.17.A1-A3 refer to able-bodied participants,
while C1 and C2 refer to children with CP
Q 3 2 Q 33 Q 3 4 Q 3 5 Q 3 6 0 3 7
B r i l l ia n t A3 A3
Good C1,C2, A l  & A2 A3&A2 C1,C2, A1,A2,&A3 C1,C2, A2.&  A l A3, A1,A2,C1,&C2
P o s itive  (o u t  o f  5 ) 5 ......................... _ 2 ....... ........ .
Q tsvKiSaîF { 5 5 ,
O k C2,C1 & A l C1,C2, A1,A3, & A2
P o o r
A w fu l
N eg ative  (o u t  o f  5 ) 0 0 0 0 0 0
In addition to the outcomes mentioned in the previous subsection, completion time to touch 
all balloons was evaluated in order to explore participant performance. Table 8.19 shows the 
results of these outcomes.
Table 8.19: Results of outcomes during Knee and Hip Flexion Exercise B
C l C2 A l A2 A 3
L R L R L R L R L R
A ng le
Median 116.0 111.0 83.0 112.0 99.0 78.0 110.0 105.0 106.0 94.0
Range 110,0-
126.0
108.0-
114.0
83.0-
86.0
110.0-
142.0
90.0-
99.0
77.0-
82.0
110.0-
115.0
105.0-
106.0
87.0-
110.0
85.0-
94.0
T im e Median 1.1 1.2 0.7 0.7 1.4 1.6 0.4 0.4 0.2 0.2
Range 0.9-1.2 1.1-1.5 0.6-0.9 0.6-0.7 1.0-1.5 1.3-1.6 0 .3-0.4 0.3-0 .4 0.1-0.3 0.2-0 .4
C o m p le tio n  T im e  
(s)
15.0 9.0 20.0 8.0 7.0
A ffec te d No 1 Yes Yes 1 No No 1 No No 1 No No 1 No
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During the open discussion, those who commented on the previous virtual Hip and Knee 
Flexion Exercise also made same comments on this task. A l added that this exercise was 
more challenging than the first as it requires movements in order to reach the balloons, which 
is useful for LE rehabilitation.
The practicality elements of the SVRS during this task were evaluated, using the responses to 
five questions as follows:
• Satisfaction was tested by Q35
• Safety was evaluated using responses to Q37, Q36, as well as the observation
• Comfort was examined through the answers to Q34 and Q33
The results shown in Table 8.18 indicate that the participants were satisfied with this 
exercise. However, the participants were neutral with levels of comfort of touching virtual 
balloons. Children with CP and Al were also neutral with the comfort at which they control 
the virtual skeleton in order to touch virtual balloons. This again might be due to the 
distraction of controlling the virtual skeleton while they carried out the task. In terms of 
touching virtual balloons with ease, all participants were not completely satisfied. From the 
observation, they were unable to touch virtual balloons due to lack of the ability to judge how 
close their skeleton was to the balloon. All participants asked to repeat the task once more 
and they showed better ability to judge how close their skeleton was to the balloon. This 
might lead one to suggest that with practising their perspectives might be changed. The 
results (see Table 8.18) indicate that participants were satisfied with the satisfaction and 
safety of the SVRS during this exercise.
For the outcomes presented in Table 8.19, the results show that the range of completion time 
was between 7 s and 20 s. A l took longer than the other participants to touch all balloons, 
which might be due to the fact that she does not play computer games; that might affect 
navigation experience inside the virtual room.
To sum up, it has also been noticed that the participants enjoyed performing this task in 
confident and with adequate level of safety in controlling the virtual skeleton. This can lead 
one to conclude that the practicality of the SVRS during this scenario was generally 
acceptable.
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8.4.7 Perspectives on Treadmill Training when using the Conventional Speed 
Buttons
Eleven questions (see Table 8,20) were asked to evaluate the perspectives on walking on the 
treadmill when using the conventional speed buttons, with and without VR environment.
Table 8.20: Questionnaire for walking on the treadmill with and without VR using its conventional speed
buttons
Q38 The training on how to walk on the treadmill with self selected speed was:
Q39 1 thought my ease in starting walking from  standstill when on the treadmill was:
Q40 The ease of stopping comfortably was:
Q41 1 would rate my ability to maintain a comfortable walking speed as:
Q42 The enjoym ent in walking on the treadm ill w ithout the virtual environment was:
Q43 How easy was it to control the virtual hand as you walked on the treadmill?
Q44 The enjoyment of walking on the treadm ill with the virtual environment was:
Q45 M y safety in walking on the treadm ill w ithout the virtual reality was:
Q46 My overall confidence when walking on the treadm ill w ithout the virtual reality was:
Q47 My safety when walking on the treadm ill with the virtual reality was:
Q48 My overall confidence when walking on the treadm ill with the virtual environm ent was:
Table 8.21 outlines responses to these questions.
Table 8.21 : The participants’ responses to questions in Table 8.20.A1-A3 refer to able-bodied participants,
while Cl and C2 refer to children with CP
Q 3 8 Q 3 9 Q 4 0 Q 4 1 Q 42 Q 43 Q 4 4 Q 4 5 Q 4 6 Q 4 7 Q 4 8
B r ill ia
n t
A1&A3 A1&A3 A1&A3 A l A3 A3 C 2 & A 1 A l A l A l
Good C l C2,&  
A2
C1,C2,&
A2
C1,C2,
&A2
C1,C2,A2,
&A3
C2, A l,
&A2
C2,A1,
&A2
C2,
A l,&
A2
C1,A2,&
A3
C1,C2,
A2,
&A3
C1,C2,
A2,
&A3
C l,
C2,A2
,& A 3
P o s iti 
ve  
(o u t  o f  
5 )
5
:
5 4 4 5
.
5 . :
1
5 5
O k C1&A3 C l C l
P o o r
A w fu l
N eg ati 
ve  
(o u t  o f
5 )
0 0 0 0 0 • 0  ’ 0 0 0 0 0
: : « B ;  ■ : IB  :
■. ..... : . : ■ T" I I  ;
For this exercise it was difficult to measure outcomes as participants did not move their arms 
as they asked to do. This could be due to the fact that the treadmill handrails limited their 
ability to do so. Nevertheless, the treadmill speed was recorded as an outcome. Table 8.22 
shows the treadmill speeds when participants were walking on the treadmill with and without 
virtual reality.
T r e a d m ill  Speeds
C l C2 A l A2 A3
VR NoVR VR NoVR VR NoVR VR No
VR
VR NoVR
1 Speed ( m /s) 1.0 1.0 0.6 1.0 1.1 1.1 1.3 1.3 1.27 1.2
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Prior to this exercise, participants were asked to familiarise themselves with walking on the 
treadmill. A3 took about 120 s to do this as he had not walked on a motorised treadmill prior 
this investigation, while the other participants took less than 90 s.
The practicality elements of the SVRS during this task were evaluated, using the responses to
ten questions as follows:
• Satisfaction was tested by Q42 and Q44
• Safety was evaluated using responses to Q45, Q46, Q47, Q48 as well as the
observation
• Comfort was examined through the answers to Q39,Q40, Q41, and Q43
From Table 8.21, the results indicate that the participants were satisfied with the tutorial and 
explanation on how to walk on the treadmill that was provided in order to perform tasks. The 
participants felt that they were safely able to walk on the treadmill and then to stop it. As they 
were using the conventional treadmill speed buttons, the participants found that there were no 
difficulties in maintaining what they considered as their comfortable walking speed. Cl and 
A3 were neutral with the satisfaction in walking on the treadmill. A3 changed his mind when 
he walked on the treadmill with a VR environment. Cl also reported that the ease of 
controlling the virtual hand while walking on the treadmill was as neutral. This might explain 
why Cl did not feel satisfaction of walking on the treadmill with VR as other participants. 
The participants felt that they walked on the treadmill with and without a VR environment 
safely and with an acceptable level of confidence. The results presented in Table 8.22 
indicate that only C2 walked at a slower speed when the treadmill was interfaced with virtual 
environment.
In conclusion, the results presented in this subsection suggest that the practicality of the 
SVRS during the treadmill training was satisfied. However, the method of controlling the 
virtual hand should be considered in a way that can make it more comfortable to walk on the 
treadmill with VR than the approach used in this investigation.
8.4.8 Perspectives on Walking on the Treadmill when Using the RTSCA without 
VR
To explore the perspectives on the RTSCA, seven questions (see Table 8.23) were asked.
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Table 8.23: Questionnaire for walking on the treadmill without VR when using the RTSCA
049 The training of how to walk on the treadmill with self-controlled speed was:
Q50 The ease of starting to walk from  stationary on the treadm ill was:
Q51 How easy was it to  stop comfortably?
Q52 M y ease in maintaining the comfortable walking speed was:
Q53 1 would rate my enjoyment in walking on the treadmill with the self controlled speed as :
Q54 1 thought my safety when walking on the treadmill with the self controlled speed was:
Q55 My overall confidence when walking on the treadmill with self controlled speed was:
The responses into these questions are summarised in Table 8.24.
Table 8.24: The participants’ responses to questions in Table 8.23. A1-A3 refer to able-bodied participants,
while Cl and C2 refer to children with CP
Q 4 9 Q 5 0 Q 5 1 Q 52 Q 53 Q 5 4 0 5 5
B r i l l ia n t A1&A3 A1&A3 A1&A3 A l A l
Good C l, C2,&A2 C l ,C2,&A2 C l C1,C2,A1,A2,&A3 C1,C2,A1,A2,&A3 C l, C2,A2,&A3 C l,
C2,A2,&A3
P o s itive  (o u t  o f  5 )
- -  -
: 5 3 5 5 5 5
O k C2&A2
P o o r
A w fu l
N eg a tive  (o u t  o f  5 ) 0 1 0  m m m 0 0 0 0
Table 8.25 shows the mean treadmill speed for the participants when they were asked to walk 
at their comfortable walking speed for 20 s. The mean fluctuation of treadmill speed from 
standstill till they stopped safely is also summarised in Table 8.25.
C l C2 A l A 2 A 3
M e an
(S tD V )
Speed { m/s) 1.3 m /s (0.2m /s) 1.2 m/s (0 .07m /s) 1.3 m /s (0.05) 1.7 m /s(0.06) 1.5 (0.06)
M e an
(S tD V )
Fluctuation
(m/s)
500.0 um/s (0.01  
m/s)
90 um/s (0.008  
m/s)
200.0 um /s (0.009 
m/s)
1.7 um/s  
(0.01)
60.0 um /s  
(0.01)
During open discussion, all participants commented on this exercise. The comments were 
very positive as they were all impressed with the way they controlled the treadmill. For 
example, A3 stated that it was amazing to walk on the treadmill without worrying about using 
the speed buttons in order to change from one speed to another. They were also asked to say 
if they experienced any fluctuations (can be seen in Table 8.25 as the StDv of the treadmill 
speed) in the speed when they maintained it; none of them felt there were any fluctuations.
The three elements of the practicality of the SVRS during this task were evaluated with the 
help of the responses to the six questions as follows:
• Satisfaction was tested by Q53
• Safety was evaluated by the responses to Q54, Q55, as well as the observation
• Comfort was examined using answers to Q50,Q51 and Q52
As described in the previous chapter the participants were given a tutorial of walking on the
treadmill using the RTSCA. The longest training time was recorded by C2, particularly in
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how to stop safely. During the training trials, it was necessary to change the safety condition 
in the code of the RTSCA in order to enable children with CP to use it successfully. The 
change was for the hip rotation. Over the development of the RTSCA it was set at 25°, which 
means if the hip rotates more than this value the emergency stop will be triggered as 
presented in chapter five. This value did not work for children with CP as it kept the RTSCA 
triggering an emergency stop; so it was increased to 35°, but this also did not work. The last 
value was 50°, which enabled children with CP to use the RTSCA.
The results presented in Table 8.24 show that the participants were satisfied with the 
satisfaction and safety of the SVRS when they used the RTSCA. They were also generally 
satisfied with the comfort of the SVRS; however, A2 and C2 found that stopping with ease 
was an issue. A2 commented that she did not feel the treadmill would stop before reaching 
the edge of the treadmill. C2 found it difficult to go back safely; this might be due to the fact 
that he tried to do so quickly rather than slowly. Comparing results presented in Table 8.25 
with those presented in Table 8.22 can lead one to suggest that the participants walked faster 
on the treadmill when they used the RTSCA.
To sum up, the results presented in this subsection suggest that the RTSCA is feasible not 
only for able-bodied volunteers, but for children with CP as well. Taken together the results 
show that the practicality of the SVRS was satisfied for the participants when they walked on 
the treadmill under the RTSCA.
8.4.9 Perspectives on Walking on the Treadmill when using the RTSCA with 
VR
Eight questions (see Table 8.26) were asked to evaluate perspectives on the RTSCA with VR 
environment.
Table 8.26: Questionnaire for walking on the treadmill with VR when using the RTSCA
Q56 The explanation of how to control the virtual city was:
Q57 The ease of walking across the virtual city was:
Q58 1 would rate the ease with which 1 could control the treadmill speed as:
Q59 1 thought my ability in judging the distance between the main view and the virtual balls was:
Q60 1 would rate my safety when changing from  one speed to another as:
Q61 The enjoyment of not colliding with the virtual balls was:
Q62 M y safety while walking on the treadm ill to  cross the virtual city was:
Q63 M y overall confidence while walking on the treadm ill to cross the virtual city was:
The responses to these questions are summarised in Table 8.27.
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Table 8.27: The participants’ responses to questions in Table 8.26. A1-A3 refer to able-bodied participants,
while Cl and C2 refer to children with CP
Q56 Q57 Q58 Q59 Q60 Q61 Q62 Q63
Brillian
t
A3
Good C1,C2A2,
&A3
C1,C2,A2,
&A3
Cl, C2, 
A1,&A2
A3 Cl, C2, 
A1A2,&A3
C1,C2,
A1A2,&A3
C1,C2
A1A2,
&A3
C1,C2,
A1,A2,
&A3
Positiv 
e (out 
of #
“4 4
.......... ..........  -
5
L . . . . . ........................... .
1 5 5 5 ; 5
Ok Al C1,C2,
A1,&A2
Poor Al
Awful
Negati 1 0
ve(out
of»)
0 0 0 0 0 ^
Vi' #
Figure 8.1 shows treadmill speeds of each participant when they walked across the virtual 
city. When balloons appeared in the virtual city they were indicated by straight lines as can 
be shown in Figure 8.1.
S p e e d  Time of Occurrence of Balls
1.6
1.4
1.2
0.6
0.4
0.2
7020 30 40 50 60100
Time(s) 
A: Participant C l
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•Time of Occurrence of BallsSpeed
1.6
1.4
1.2
E
0.6
0.2
7020 30 40 600 10 50
Time(s)
B: Participant C2
S p e e d  Time of Occurrence of Balls
1.6
1.4
1.2
I
0.6
0.4
0.2
70400 20 30 50 6010
Time(s)
C: Participant A l (second trial)
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Time of Occurrence of BallsSpeed
1.6
1.4
1.2
S
0.6
0.4
0.2
7030 40 50 6010 200
0 ------
0
Time(s)
D: Participant A2
•Speed - - — " Time of Occurrence of Balls
Time(s)
E; Participant A3
Figure 8.1 : Participants’ walking speeds on the treadmill when using the RTSCA to walk across the virtual city. 
A; walking speed o f C l; B: walking speed o f  C2; C; walking speed o f  A l; D; walking speed o f  A2; and
Eiwalking speed o f  A3
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The three elements of the practicality of the SVRS during this task were evaluated through 
the response to seven questions as follows:
• Satisfaction was tested by Q61
• Safety was evaluated using the responses to Q60, Q62, Q63 as well as the observation
• Comfort was examined with the help of answers to Q57,Q58 and Q59
The results presented in Table 8.27 suggest that A l was unhappy with the explanation on 
how to perform the task. This is because she was not informed that she should walking once 
the automated instructions were completed and the virtual city appeared on the screen. For 
this reason Al did not walk across the city within 70 s in the first instance; second time was 
given to her. This lack of explanation was avoided in the case of the other participants, who 
were satisfied with the level of explanation that was provided and walked across the city 
within less than 70 s as can be noticed in Figure 8.1.
For this scenario the results presented in Table 8.27 show that the participants found the 
SVRS satisfactory and safe. For comfort, A l was neutral with the ease of walking across the 
virtual city (Q57). For Q58 the results indicate that all participants responded positively. As 
to how comfortable they were to judge how far the balls were jfrom the main view (Q59), 
only A3 was completely satisfied. Together, the results indicate that the participants were 
generally comfortable enough to use the RTSCA.
Inspection of graphs presented in Figure 8.1 indicates that participants used different 
strategies in order to walk across the city. All participants were guided not to reduce their 
walking speed to zero as the aim of this game is to teach people how to control their speed 
while they are walking on the treadmill. Able-bodied volunteers seem to use a similar 
approach, which was to reach to the fastest speed and once the ball appeared to reduce it to 
very slow speed (less than 0.5 m/s). Cl and C2 used the intended approach. In that they did 
not reduce the speed to zero and this did not affect them to walk across the city at a 
reasonable time. Cl completed the task at 64 s and C2 at 50 s, while A l, A2, and A3 walked 
across the city at 45 s, 48 s, and 42 s, respectively.
In conclusion, the participants used the RTSCA to walk across the virtual city successfully, 
which leads one to conclude that its practicality was satisfactory to all users. However, 
attention is required to improve 3D depth when they need to use the SVRS with the RTSCA
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with its virtual city. The scenario shows that children with CP walked across the virtual city 
following the approach well, while able-bodied volunteers ‘cheated’ to completing the 
scenario within less time.
8.4.10 Overall Perspectives on the SVRS
Six close-ended questions (see Table 8.28) and an open-ended question were asked to explore the 
perspectives of the participants on the SVRS.
Table 8.28: General questionnaire about the SVRS
Q 64 This system helped m e to increase m y know ledge o f v irtu a l rea lity
Q65 This system would encourage me to use the treadm ill w ithout virtual reality
Q66 This system would encourage me to use the treadm ill with virtual reality
Q67 1 would like to use this system during my normal rehabilitation session
Q68 1 would like to use this system again
Q69 This system made me feel dizzy
Q70
The responses to these questions are summarised in Table 8.29.
Table 8.29: The participants’ responses to questions in Table 8.28.A1-A3 refer to able-bodied participants,
while Cl and C2 refer to children with CP
0 6 4 0 6 5 0 6 6 0 6 7 Q68 0 6 9
S tro n g ly  A g ree C2
A g ree C l & A l C2&A3 C2&A3 C1,C2, A2,& A3 C1,C2,A1, A2,&A3
P o s itive  (o u t  o f  5 ) 2 2 2 4 5 4
N e ith e r  a g ree  o r  d isag ree A3 C1,A1,& A2 C 1,A 1 ,& A 2 A2
D is ag re e A2 A l C2,A1, &A3
S tro n g ly  D isag ree C l
N e g a tiv e  (o u t  o f  5 ) 0 0 0 1 0 0
As regards the open-ended question asking participants for any further comments, C2 
commented on the RTSCA saying that ''the treadmill was good and responsive hut slowing 
down was relatively difficult. It was also good as it maintained your speed well and relayed it 
into the virtual world weir. He also commented on the difficulties in performing 
conventional treadmill training with VR so he stated that "it was hard to control the virtual 
hand when I  need to grab the pointer’s handle in my sick hand. I  would have had more 
control with the left hand (sick hand) i f  the pointer’s handle was a little thicker”. Al 
commented on the balloons’ height during the VR based conventional treadmill exercise. She 
stated that "one may need to adjust the height o f the balloons to compensate for raised the 
height when on treadmill”. Although the height was normalised, based on the actual height of 
the subject, Al was unhappy with the height of the virtual balloons. This may be due to the 
fact that the balloons were normalised to appear 100 mm less than and 20 mm higher than the 
actual height. Based on the author’s observation, however, this scenario might not only be 
difficult for Al but also for all participants as it requires them to a pointer which can be 
difficult given the presence of the treadmill handrail.
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The author and a member of the clinical team conducted a short discussion with the 
participants, parents of Cl and C2, and the physiotherapist of Cl (PH). They were asked to 
comment on the SVRS and all of them were in favour of the use of the SVRS. They also 
commented that the SVRS was easy to leam and enjoyable. All participants except Al would 
like to have the SVRS to be integrated with current rehabilitation programmes. Cl parent 
stated that the use of the SVRS could increase the intensity of Cl rehabilitation sessions 
while she is motivated by playing VR games. Both parents wondered if the SVRS can be 
used in future at a home environment. It can be concluded that the H3 has been rejected as 
parents found the SVRS useful and safe for use by their children for rehabilitation. The 
participants were asked if they noticed any delay between their actual movements and the 
control to move virtual objects (such as virtual hand and skeleton) during all exercises. All 
participants responded that they felt the virtual objects’ movements were natural enough and 
without any delay.
During the open discussion with physiotherapists, A l stated that "as a technology, it is 
brilliant and it can be used for rehabilitation, but I  personally love to set rehabilitation task 
up for my patients and to keep the contact with them. For example, I  would like to use two or 
three balloons - as shown in the first VR scenario- to rehabilitate balance by flying balloons 
between me and a patient so in this case I  will be part o f the game rather than only an 
observer” She also stated that "the SVRS would be very useful i f  it could be used at home as it 
is a brilliant tool to encourage patients to perform their regular exercise, where there were 
no physiotherapist available ”. PH was satisfied for the SVRS to be used as a rehabilitation 
system for children with CP. She was impressed with the motivation level of Cl when she 
was performing the exercises. She would like to use the SVRS for rehabilitation in the 
clinical environment as she believes it will increase the intensity of rehabilitation session for 
children with CP with higher engagement than conventional therapy. PH wondered how 
easily the sceneries used by Cl can be personalised for children based on their needs and 
level of disability. For performance evaluation, PH suggested that automated performance 
measurement for each user in each session would be very practical clinically and would 
enable patients to review their progress.
The results presented in Table 8.29 indicate that the SVRS motivated C2 and A3 to walk on 
the treadmill with and without VR (Q65 and Q66), and the remaining participants neither 
agreed nor disagreed. For Q67 the results show that Cl and C2 would love to consider the
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SVRS to be complemented with their rehabilitation sessions. During the open discussion, A3 
agreed with children with CP to complement the SVRS with the current rehabilitation 
programme, so he agreed with them to use it again (Q68). Al was unhappy to use the SVRS 
with her patients and this was explained above in her statements in the open discussion. In the 
case of cybersickness that might due to the use of the SVRS, participants did not feel dizzy. 
However, C2 felt dizzy at the end of the first stepping exercise. He was asked to have a rest 
until he felt alright; after five minutes he announced that he was well to continue he 
exercises. He then completed the remaining tasks safely without any complaints. A2 was 
neutral for Q69 as she reported that the way (presented a black screen with the results such as 
“well done”) used to end the tasks diverted her vision for a few seconds.
To sum up, the results presented in this section suggest that the SVRS was satisfactory to all 
participants. The last element of the practicality of the SVRS, which is utility, was evaluated 
in this subsection during the discussion with able-bodied volunteers and PH. The discussion 
can lead one to conclude that the VR scenarios are beneficial for motor rehabilitation for 
children with CP if some changes are made as will be described in Chapter ten.
8.5 Conclusions
The investigation has reviewed the practicality of the SVRS and the feasibility of the RTSCA 
as perceived from two children with CP, a senior physiotherapist, and two junior clinical 
scientists. In addition, feedback was also provided by the parents of the two children, and a 
treating physiotherapist who observed a child with CP using the SVRS. The aim of this 
investigation was to examine four hypotheses that are generally related to the practicality of 
the SVRS and its performance. The following three elements of the practicality of the SVRS 
were evaluated for each scenario through the detailed analysis of the responses to 
questionnaires:
• Satisfaction that refers to the enjoyment level
• Comfort that refers to ease of use and ability levels
• Safety that refers to the confidence to perform tasks without involving any risks
The results show that the three elements were satisfactory. It is important to highlight, 
however, that the (positive) results discussed in this work might have been obtained because 
the participants were positively biased. For example, they were keen to be involved in the 
project and may have wished ‘to please’ the author through their responses. For this reason, it
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was difficult to generalise any conclusions as discussed in chapter ten. As to whether the VR 
scenarios were clinically relevant for motor rehabilitation for children with CP, the discussion 
with physiotherapists indicate that children with CP might be more likely to benefit from 
these scenarios as they adding fiin, however, some changes should be considered in order to 
use them effectively in rehabilitation sessions. Taken together, the overall practicality of the 
SVRS was evaluated successfully in the clinical environment, which appears to accept HI. 
This may lead one to suggest that the SVRS demonstrated a potential rehabilitation tool for 
patients and clinicians. However, further modifications and investigations are required to 
verify this conclusion as described in chapter ten.
In this investigation, the SVRS was examined to verify if it can be used for potential 
outcomes that can be implicated for feedback of rehabilitation. A few outcomes were 
introduced at some VR scenarios. The results of these outcomes suggest that they can be used 
to monitor individual performance and progress over training. For the present work, 
comparing the outcomes between individuals might provide inaccurate analysis; due to the 
fact that each participant achieved exercises in a different strategy. However, presented 
outcomes in this chapter can be used correctly if the virtual scenarios modified based on the 
discussion in chapter ten. Nevertheless, taken together it can be concluded that the SVRS 
may provide some potentially relevant outcome measures that can be easily manipulated to 
save the actual data in Excel spreadsheets, which leads to reject H4.
For the feasibility of treadmill training using the RTSCA, the results suggest that the 
participants were satisfied with its overall performance with and without VR as it enabled 
them to walk on the treadmill at different speeds smoothly and without noticeable changes in 
the treadmill speed. This suggests rejecting of H2. It was noticed that all participants walked 
on the treadmill faster when they used the RTSCA compared to the use of conventional 
treadmill speed buttons. This was also reported in the previous investigation as presented in 
chapter six, subsection 6.3.7. In terms of using the RTSCA for rehabilitation of children with 
CP, able-bodied volunteers, parents, and physiotherapists believe that the RTSCA can be a 
useful technique for motor rehabilitation.
In summary, this pilot study offers support for the use of the RTSCA as a safe and feasible 
rehabilitation approach for children with CP. The limitations of the study and future work are 
presented in chapter ten.
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Chapter 9 
9 Conclusions
9.1 Introduction and Closing Discussion
In section 1.2 the overall aims of this work was twofold
• To design a VR based gait rehabilitation system that can be used in a clinical 
environment and not limited to laboratory research.
• To investigate the practicality o f the developed VR system by recruiting clinicians and 
its end-user, rather than its clinical effectiveness
In order to guide the process of testing the aim the overall hypothesis was posed:
The practicality o f the SVRS will be demonstrated in children with CP and able-bodied
volunteers.
To guide the process of achieving the overall aims of this work, the thesis has:
• Identified the current physical management of CP and the need for enhancement. This 
was presented in chapter two
• Synthesised existing literature from VR based rehabilitation for both cognitive and 
motor abilities of individuals with neurological conditions such as stroke and CP, and 
VR systems used for LE rehabilitation. Acknowledged previously highlighted issues 
relating to VR based LE rehabilitation and to underpin further engineering 
developments. This was the focus of chapter three
• Proposed a strategy for the design of a VR based LE rehabilitation programme for 
children with CP including exploring an evaluation process of the proposed VR 
system. This was addressed in chapter four
• Developed a VR based LE rehabilitation system (the SVRS). The considerations 
regarding the development and the process of making the decision for the final SVRS 
and its future use are discussed in chapter five
• Investigated the performance of the SVRS by recruiting young able-bodied volunteers 
prior to investigating its practicality in clinical environment. This was presented in 
chapter six. Chapter seven outlined the development of VR scenarios that were
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designed in conjunction with clinical team. The results of a pilot study to evaluate the 
practicality of the SVRS, when used by children with CP and able-bodied (clinicians) 
volunteers in the clinical environment were discussed in chapter eight.
The next section outlines the main conclusions and contribution of this research into the 
existing literature.
9.2 Conclusions
As far as the author is aware the present work represents the first design study on 
development of a semi-immersive VR system based LE rehabilitation by involving end-users 
(children with CP and clinicians) in the development process. Based on the results presented 
in this thesis, it can be suggested that the overall aims have been achieved successfully and 
the tested hypothesis has been accepted.
The following are the main conclusions that can be drawn from the research presented in this 
thesis:
1. Previous research discussed in chapter one indicates the potential for the use of 
treadmill in motor rehabilitation for children with CP. The results suggest there is a 
need to consider the motivation and self-confidence on the part of the child during 
treadmill training and other conventional rehabilitation approaches for children with 
CP.
2. The literature presented in chapter three suggests that VR is a promising technology 
in motor rehabilitation for neurological conditions such as stroke and CP. It has been 
recognised that VR offers a motivating factor, which can increase the compliance 
with rehabilitation sessions. The inclusion of a VR environment into training which 
can then become, for instance, a structured ‘game’ that the child can become 
immersed in, is a possible approach to engaging children who might otherwise lack 
the motivation needed to complete a prescribed rehabilitation programme.
3. A number of VR systems based on LE rehabilitation were reviewed in chapter three, 
with general conclusion that the majority of these systems have not been designed for 
rehabilitation. There are, however, some VR systems designed for LE rehabilitation 
but their cost may limit widespread use in a clinical environment.
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4. The potential clinical effectiveness of these systems from the literature was presented 
in chapter three. This leads to the conclusion that further research is needed to define 
a strategy of designing a suitable VR based rehabilitation system.
5. A strategy for designing a VR based LE rehabilitation system was introduced in 
chapter four and used for developing a VR system (the SVRS) based on the use of 
low cost components (used in order to produce the VR environment).
6. The study with young able-bodied volunteers concluded that users found the SVRS 
presented VR environments with an acceptable level of ‘presence’ and high 
integration between QTM, treadmill, and VR environments.
7. Discussions with a clinical team during the development stages outlined the potential 
integration of the SVRS with conventional physiotherapy exercises. This was 
subsequently investigated by developing a number of VR scenarios that were 
considered suitable for routine clinical use as presented in chapter seven.
8. Treadmill training with and without VR has been introduced in chapter five based on 
two modes; the first by walking on the treadmill using its conventional speed buttons; 
and the second when using the RTSCA. The results presented in chapters six and 
eight suggest that it is feasible to use the RTSCA in treadmill training with and 
without VR, for children with CP and able-bodied
9. The results presented in chapters six and eight also show that participants (including 
children with CP) walked at higher speeds when using the RTSCA. This may suggest 
that they walked more naturally or confidently on the treadmill when using the 
RTSCA as compared to the use of conventional treadmill speed control buttons.
10. From the perspectives of parents of children with CP and a treating physiotherapist, it 
would appear that the SVRS might contribute to improving the motor rehabilitation of 
children with CP by promoting motivation during sessions. Furthermore, it may help 
children with CP to perform independent training safely and with confidence
11. The results presented in this thesis demonstrate the practicality of the SVRS with 
children with CP, clinicians, and parents.
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9.2.1 Contribution
The information available in the development of VR based rehabilitation systems is limited, 
which makes it necessary to consider both task nature and system utility for rehabilitation in 
the development process. The main contributions of the research undertaken in this thesis are 
the following:
• The development of a framework that can be followed by researchers to design and 
evaluate a VR based rehabilitation system suitable for routine clinical use. 
Consolidation of evaluation methods for evaluating a system has also been provided.
• The demonstration of the relevance of end-user involvement in the development 
process of the rehabilitation system.
• The development of a treadmill training protocol for children with CP, which has not 
only been based on the conventional use but also a real time speed control system.
• The introduction of using the SVRS in providing a combination of rehabilitation 
protocols including treadmill training with and without VR.
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Chapter 10 
10 Limitations and Implications for Future 
Research
10.1 Limitations
The current work does suffer from a number of limitations. Of particular note are:
• The virtual scenarios presented in this work may need to be adjusted with the aim 
to increase personalisation during rehabilitation. For example, in the current VR 
scenarios the positions of the virtual balloons are normalised to the arm length of 
the subjects and appeared at random selected positions in the virtual world. In 
clinical practice it might be better to make the balloons appear much closer to the 
patient and then increase the distance over time.
• The current set up of the SVRS does not support a mechanism for physiotherapists 
to alter the virtual environments. For example, they might need to control the 
balloon positions to meet the specific rehabilitation aims for a patient.
• The current VR scenarios are not designed in such a way that they can ensure 
patients/subjects will achieve the task correctly. For instance, when participants 
were asked to move their hand from the base position to touch balloons, they were 
asked to return it back to the base prior to moving it again. However, participants 
did not do this all time, which also impacted on the outcome measures.
• The SVRS enabled participants to control a virtual hand that appeared inside the 
virtual environment in order to allow them to burst balloons or move virtual 
objects. It was noticed that the virtual hand might not the right choice to be 
controlled by users as markers were not placed on their actual hand. Therefore 
alternative virtual objects should be considered in future work such as a virtual 
light sabre or virtual T-Wand pointer.
• The motion capture system during the knee and hip flexion exercises did not 
operate well in the real-time due to markers being Tost’, which stopped the 
control of the virtual skeleton.
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• The participants in both studies presented in chapters six and eight were 
volunteers; they may represent a more motivated section of the CP and able- 
bodied population. This might have led to more positive responses in the 
feedback.
• The limited study sample size does not permit to generalise the results obtained 
from this work
• The current set up of the SVRS does not provide an easy graphical user interface 
to control the VR system, which may make it difficult for clinicians to use it 
without technical help.
• The current design of the SVRS software does not compute relevant clinical 
outcomes such as hip flexion and other relevant kinematic data for LE and control 
of posture.
The following section presents the main areas for future research to address these 
limitations, which can lead to more user friendly VR system for clinical use.
10.2 Directions for Future Work
10.2.1 VR Scenarios and Clinical Implications
The VR scenarios presented in this thesis were designed to be clinically relevant for 
rehabilitation; however, some changes would make them more flexible for both patients 
and clinicians. For example, reaching while standing is one of the exercises introduced in 
this work, and improving the mechanism that can enable clinicians/observers to modify 
the task within the game would contribute towards use of appropriate challenging tasks. 
Some relevant parameters that can be enhanced based on the individual needs are: range 
of motion which can be increased or decreased; speed of object movement and their size 
in the virtual world; and complexity of the visual scene of the VR environment. The 
system should also enable clinicians/observers to adjust the time of target appearance. 
The mechanism should be designed to be a graphical user interface that enables 
clinicians/observers to change the suggested parameters in a user friendly way.
Instructions for performing the VR scenarios and clarity of the exercise aim and how it 
can be performed need to be improved. Future work could include, for example, a video 
tutorial of how to complete the task in order to get the clinical benefits. Using this way of 
introducing the task will ensure that all participants received similar instructions. It will
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also enable subjects to see what they should perform practically rather than through 
interpretation of written instructions.
Following the limitations outlined in the previous section, future work should focus on 
designing virtual scenarios in a way that requires subjects to perform the task as it must 
be performed. For example, during standing exercises, participants moved their hand the 
first time from the base position but later they did not return it back to the base; in future 
design, returning the hand to the origin base should be necessary in order to get points if 
the virtual hand touched a balloon. This can be done with all the VR scenarios presented 
in this thesis. An approach can be followed is to ‘disable’ the collision around the virtual 
hand once it touched the balloon, if  subjects had not returned the hand to the base 
position.
The use of sounds as a real-time feedback to participants should be considered in future 
work. Sounds can be used when subjects perform the task successfully or even 
unsuccessfully. For example, if the exercise requires subjects to not collide with 
obstacles, sounds effects could be used to indicate when subjects cleared an obstacle 
successfully but if  the obstacle was touched, different sounds effects could be used 
followed by encouraging words; for example, “you can do it” or “try again”.
The work presented in this thesis did not investigate the clinical effectiveness of the 
SVRS in rehabilitation for children with CP. Further research is suggested to involve two 
groups (experimental and control) of children with CP to consider the clinical benefits of 
using the SVRS.
10.2.2 Treadmill Training
The literature shows the potential impact of treadmill training on children with CP, but 
there is limited work exploring the relevance of VR based treadmill training for children 
with CP. The treadmill training in this preliminary work has been shown to be feasible 
with and without VR for participants. Further research is needed to evaluate and explore 
general issues of the clinical effectiveness of the treadmill training with and without VR 
for children with CP.
The results presented in chapters six and eight show that participants walked faster on the 
treadmill when they used the RTSCA than the speed control buttons. This may suggest 
that RTSCA enabled participants to walk more naturally. However, a further modification
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to the main safety code of the RTSCA is initially required; particularly the mechanism to 
set the (safety) thresholds in an easy way that can enable clinicians/observers to change 
the threshold of hip rotations without recompiling the code.
It was noted in chapter eight that children used the RTSCA to walk across a virtual city 
with successful adjustment to the speeds. Further investigation is required to investigate 
whether such a way of teaching children to improve their postural control have a positive 
influence on their daily life activity.
10.2.3 Relevant Outcomes
The present work show the possibility in obtaining outcomes that can be used to provide 
feedback on the performance of subjects for both themselves and their treating clinicians. 
In the present work the outcomes were calculated manually, but in the future they could 
be calculated automatically in order to facilitate more timely feedback to users and 
clinicians. The future work should also focus on establishing a database to save details of 
each subject and their outcomes of their performance. The database can be later used to 
compare performance of subjects over time. Further work is suggested to consider other 
outcomes that can be obtained from the data saved by using the SVRS. For example, 
smoothness of movement may be a relevant performance [Chang et al., 2005, McCrea et 
al., 2002, Rohrer et al., 2002]. The future work should also focus on implementing a 
method in calculating kinematic parameters such as hip flexion/extension, as well as 
kinematic control of posture during tasks. For example, a cluster of retro-reflective 
markers can be placed on the pelvis and trunk in order to track the segments during tasks 
in order to evaluate the posture during tasks
10.2.4 System Design
The SVRS was used successfully by participants with its current set up. It uses a motion 
capture system to present users in the virtual world. Although the motion capture system 
was one of the main items of equipment in the SVRS, it is relatively expensive. It is 
suggested to replace the marker tracking system with a low-cost natural tracking system. 
For example, the Microsoft Kinect sensor is an active vision system that attempts to 
recreate the scene in front of an infrared laser point cloud. As a result of a brief review of 
the literature that investigated the Kinect sensor in biomechanics applications [Choppin, 
2011, Femandez-Baena et a l, 2012, Wham, 2012], it is suggested to use it instead of the 
motion capture system in the SVRS. Future research, however, is initially needed to
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compare gait data during walking on a treadmill from the Kinect sensor and the motion 
capture system in order to assess the capabilities and limitations of the Kinect system.
2 1 0
M.Al-Amri_____________________________________________  References
List of References
3DS. (2011) Virtools [Online]. Available: http://www.3ds.com/products/3dvia/3dvia- 
virtools/ [Accessed 21/02/2011].
ACCIVATTI, C., HARRO, C. C. & BOTHNER, K. E. (2006) "The Effect of Body 
Weight Supported Treadmill Training on Gait Function in Children with Cerebral 
Palsy", Pediatric Physical Therapy. 18 (1), pp. 82-83.
ADAMOVICH, S. V., BOIAN, R., LEWIS, J. A., TREMAINE, M., RECCE, M. & 
POIZNER, H. (2005) "A Virtual Reality-Based Exercise System for Hand 
Rehabilitation Post-Stroke", Presence: Teleoperators and Virtual
Environments, 14 (2), pp. 161-174.
AL-KHALIFAH, A. H., MCCRINDLE, R. J., SHARKEY, P. M. & ALEXANDROV, V. 
N.(2006) Using Virtual Reality for Medical Diagnosis, Training and 
Education.THE In te r n a tio n a l  Conference  Series o n  D is a b il it y . V ir t u a l  
Re a l it y  a n d  A ssociated  T echno lo g ies . Esbjerg, Denmark,2006, pp. 193-200.
AWAAD, Y., TAYEM, H., MUNOZ, S., HAM, S., MICHON, A. M. & AWAAD, R. 
(2003) "Functional Assessment Following Intrathecal Baclofen Therapy in 
Children with Spastic Cerebral Palsy", Journal of Child Neurology, 18 (1), pp. 
26-34.
BADLER, N. I., MANOOCHEHRI, K. H. & WALTERS, G. (1987) "Articulated Figure 
Positioning by Multiple Constraints", Computer Graphics and Applications, 
IEEE, 1 (6), pp. 28-38.
BAERLOCHER, P. & BOULIC, R. (2004) "An Inverse Kinematics Architecture 
Enforcing an Arbitrary Number of Strict Priority Levels", The Visual Computer, 
20 (6), pp. 402-417.
BARBER, C. E. (2008) "A Guide to Physiotherapy in Cerebral Palsy", Paediatrics and 
Child Health, 18 (9), pp. 410-413.
BARRETT, J. (2004). Side Effects of Virtual Environments: A Review of the Literature 
Australia.
BARTON, G., HOLMES, G., HAWKEN, M., LEES, A. & VANRENTERGHEM, J. 
(2006) "A Virtual Reality Tool for Training and Testing Core Stability: A Pilot 
Study", Gait AND Posture, 24 (Supplement 2,), pp. S101-S102.
BARTON, G. J., HAWKEN, M. B., BUTLER, P., HOLMES, G. & FOSTER, R. J.(2009) 
Movement Control of the Trunk and Pelvis in Cerebral Palsy Diplegia.8th  
ESMAC M eetin g  a n d  Conference . London, UK, 15-19 Sept 2009: Gait and 
Posture, pp. 147-148.
BARTON, G. J., HAWKEN, M. B., FOSTER, R. J., HOLMES, G. & BUTLER, P.
B.(2011) Playing the Goblin Post Office Game Improves Movement Control of 
the Core: A Case Studv. In t e r n a t io n a l  Conference on  V ir t u a l  
R e h a b il it a t io n  HC V R ). Switzerland,27-29 2011: IEEE, pp. 1-5.
BAX, M., GOLDSTEIN, M., ROSENBAUM, P., LEVITON, A. & PANETH, N. (2005) 
"Proposed Definition and Classification of Cerebral Palsy, April 2005", 
Developmental Medicine and Child Neurology, 47 (8), pp. 571-576.
BEARD, L. M., HARRO, C. & BOTHNER, K. E. (2005) "The Effect of Body Weight 
Support Treadmill Training on Gait Function in Cerebral Palsy: Two Case 
Studies", Pediatric Physical Therapy, 17 (1), pp. 72.
BEGNOCHE, D., SANDERS, E. & PITETTI, K. H. (2005) "Effect of an Intensive 
Physical Therapy Program with Partial Body Weight Treadmill Training on a 2
2 1 1
M.Al-Amri______________________________________________________________________________________   References
Year-Old Child with Spastic Quadriplegic Cerebral Palsy", Pediatric Physical 
Therapy. 17 0 \  pp. 73.
BEGNOCHE, D. M. & PITETTI, K. H. (2007) "Effects of Traditional Treatment and 
Partial Body Weight Treadmill Training on the Motor Skills of Children with 
Spastic Cerebral Palsy.A Pilot Study", Pediatric Physical Therapy. 19 (1), pp. 
11-19.
BENOIT, K. (2010) Msc Module 6: Introduction to Quantitative Research Methods 
[Online]. Available:
http://www.kenbenoit.net/courses/iqrm/IORM WeekS Correlation.pdf [Accessed 
11/04/2012].
BERGFELDT, U., BORG, K., KULLANDER, K. & P., J. (2006) "Focal Spasticity 
Therapy with Botulinum Toxin: Effects on Function, Activities of Daily Living 
and Pain in 100 Adult Patients", Journal of Rehabilitation Medicine. 38 (3), 
pp. 166-171.
BE VAN, N. (2001) "International Standards for Hci and Usability", Interna tional 
Journal ofHuman-Computer Studies. 55 (4), pp. 533-552.
BJORNSON, K., HAYS, R., GRAUBERT, C., PRICE, R., WON, F., MCLAUGHLIN, J.
F. & COHEN, M. (2007) "Botulinum Toxin for Spasticity in Children with 
Cerebral Palsy: A Comprehensive Evaluation", Pediatrics, 120 (1), pp. 49-58.
BLAUW-HOSPERS, C. H. & HADDERS-ALGRA, M. (2005) "A Systematic Review of 
the Effects of Early Intervention on Motor Development", Developmental 
Medicine and Child Neurology, 47 (6), pp. 421-432.
BLUNDELL, S. W., SHEPHERD, R. B., DEAN, C. M., ADAMS, R. D. & CAHILL, B. 
M. (2003) "Functional Strength Training in Cerebral Palsy: A Pilot Study of a 
Group Circuit Training Class for Children Aged 4-8 Years", Clinical 
Rehabilitation, 17 (1), pp. 48-57.
BOIAN, R.’F., LEE, C. S., DEUTSCH, J. E., BURDEA, G. C. & LEWIS, J. A.(2002) 
Virtual Reality-Based System for Ankle Rehabilitation Post Stroke. 1st 
In te r n a tio n a l  W orkshop o n  V ir t u a l  Re a l it y  Re h a b il it a t io n  (M en ta l  
H e a l t h . N eu r o lo g ic a l . Ph y s ic a l . V o c a tio n a lW R M H R . Lausanne, 
Switzerland.,2002, pp. 1-10.
BOURQUE, L. B. (1941). Processing Data : The Survey Example, Sage Publications.
BOWMAN, D. A., GABBARD, J. L. & HIX, D. (2002) "A Survey of Usability 
Evaluation in Virtual Environments: Classification and Comparison of Methods", 
Presence: Teleoperators and Virtual Environments, 11 (4), pp. 404-424.
BOWMAN, D. A., JOHNSON, D. B. & HODGES, L. F.(1999) Testbed Evaluation of 
Virtual Environment Interaction Techniques.ACM Sy m p o s iu m  o n  V ir t u a l  
Re a l it y  So ftw are  a n d  T e c h n o lo g y . London, United Kingdom, 1999: ACM, 
pp. 26-33.
BROEREN, J., BJORKDAHL, A., CLAESSON, L., GOUDE, D., LUNDGREN- 
NILSSON , A., SAMUELSSON, H., BLOMSTRAND, C., SUNNERHAGEN, K.
S. & RYDMARK, M. (2008) "Virtual Rehabilitation after Stroke", Studies in 
Health Technology and Informatics, 136, pp. 77-82
BRYANTON, C., BOSSÉ, J., BRIEN, M., MCLEAN, J., MCCORMICK, A. & 
SVEISTRUP, H. (2006) "Feasibility, Motivation, and Selective Motor Control: 
Virtual Reality Compared to Conventional Home Exercise in Children with 
Cerebral Palsy", CyberPsychologyand Behavior, 9 (2), pp. 123-128.
BURDEA, G. (2003) "Virtual Rehabilitation- Benefits and Challenges", Methods of 
Informa tion in Medicine 42 (5), pp. 519-523.
2 1 2
M.Al-Amri___________________________________________________________________________________________________References
BURDEA, G., CIOI, D., MARTIN, J., RABIN, B., KALE, A. & DISANTO, P. (2011) 
"Motor Retraining in Virtual Reality: A Feasibility Study for Upper-Extremity 
Rehabilitation in Individuals with Chronic Stroke", Journal of Physical Therapy 
Education 25 (1), pp. 20-29.
BURDEA, G. C. & COIFFET, P. (2003). Virtual Reality Technology, 2nd.edn. New 
York: Wiley-Blackwell.
BUTLER, C. & DARRAH, J. (2001) "Aacpdm Evidence Report: Effects of 
Neurodevelopmental Treatment (Ndt) for Cerebral Palsy", Developmental 
Medicine AND Child Neurology. 43 (11), pp. 778-790.
CAMEIRAO, M., BADIA, S., OLLER, E. & VERSCHURE, P. (2010) 
"Neurorehabilitation Using the Virtual Reality Based Rehabilitation Gaming 
System: Methodology, Design, Psychometrics, Usability and Validation", 
Journal ofNeuroEngineeringand Rehabilitation 1 (1), pp. 48-62.
CARDOSO, L. S., COSTA, R. M. E. M., PIOVESANA, A., COSTA, M., PENNA, L., 
CRISPIN, A. C., CARVALHO, J., FERREIRA, H., LOPES, M. L., BRANDÂO,
G. & MOUTA, R.(2006) Using Virtual Environments for Stroke 
Rehabilitation.iNTERNATiONAL W orkshop  o n  V ir t u a l  R e h a b il ita t io n . 2006: 
IEEE, pp. 1-5.
CASPERSEN, C., POWELL, K. & CHRISTENSON, G. (1985) "Physical Activity, 
Exercise, and Physical Fitness: Definitions and Distinctions for Health-Related 
Research", Physical Activity Exercise and Physical Fitness, 100 (2), pp. 126- 
131.
CHANG, J.-J., WU, T.-L, WU, W.-L. & SU, F.-C. (2005) "Kinematical Measure for 
Spastic Reaching in Children with Cerebral Palsy", Clinical Biomechanics, 20 
(4), pp. 381-388.
CHEN, Y.-P., KANG, L.-J., CHUANG, T.-Y., DOONG, J.-L., LEE, S.-J., TSAI, M.-W., 
JENG, S.-F. & SUNG, W.-H. (2007) "Use of Virtual Reality to Improve Upper- 
Extremity Control in Children with Cerebral Palsy: A Single-Subject Design", 
Physical Therapy, 87 (11), pp. 1441-1457.
CHERNG, R., LIU, C. F., LAU, T. W. & HONG, R. B. (2007) "Effect of Treadmill 
Training with Body Weight Support on Gait and Gross Motor Function in 
Children with Spastic Cerebral Palsy", American journal of physical medicine 
AND REHABILITATION, 86 (7), pp. 548-555.
CHOPPIN, S. (2011) Kinect Biomechanics: Part 1 [Online]. Engineering Sport
Available: http://ensineerinssnort.co.uk/2011/05/09/kinect-biomechanics-nart-l/
[Accessed 30/06/2011].
CHRISTENSEN, R. R., HOLLERBACH, J. M., XU, Y. & MEEK, S. G. (2000) "Inertial- 
Force Feedback for the Treadport Locomotion Interface", Presence: 
Teleoperators AND Virtual Environments, 9 (1), pp. 1-14.
CHUNG , S. K. & HAHN, J. K.(1999) Animation of Human Walking in Virtual 
Environments.CoMPUTER A n im ation . Geneva, Switzerland, 1999: IEEE, pp. 4-15.
CIKAJLO, I. & MATJACIC, Z. (2010) "The Use of Virtual Reality-Based Dynamometer 
Training to Enhance Selective Joint Torque Control in a Child with Cerebral 
Palsy", Journal of Medical and Biological Engineering, 30 (5), pp. 329-334.
CLIBURN, D. C. (2004) "Virtual Reality for Small Colleges", Journal of Computing 
Sciences in Colleges, 19 (4), pp. 28-38.
CLIBURN, D. C. (2008) "A Virtual Reality Laboratory for Undergraduates", Journal of 
Computing Sciences in Colleges, 24 (2), pp. 57-63.
213
M.Al-Amri___________________________________________________________________________________________________References
COBB , S. V. G. & SHARKEY, P. M. (2007) "A Decade of Research and Development 
in Disability, Virtual Reality and Associated Technologies: Review of 
International Conference on Disability, Virtual Reality and Associated 
Technologiesl996-2006", International Journal of Virtual Reality, 6 (2), pp. 
51-68.
COLL AD A. (2011) Collada - Digital Asset and Fx Exchange Schema [Online]. 
AvailaWe: https://collada.org/ [Accessed 20/08/ 2012].
COLLINS, T. D. 2007. Investigation and Development o f a Six Degree-of-Freedom 
Marker System for the Kinematic Analysis o f Walking. Master of Science, 
University of Surrev.
COSTELLO, P. J. (1997). Health and Safety Issues Associated with Virtual Reality - a 
Review of Current Literature. Advisory Group on Computer Graphics, 
Loughborough : Advisory Group on Computer Graphics.
CROSBIE, J. H., LENNON, S., BASFORD, J. R. & MCDONOUGH, S. M. (2007) 
"Virtual Reality in Stroke Rehabilitation: Still More Virtual Than Real", 
Disability AND Réhabilita tion, 29 (14), pp. 1139-1146.
CROWLEY, J. P., ARNOLD, S. H., MCEWEN, I. R. & JAMES, S. (2009) "Treadmill 
Training in a Child with Cerebral Palsy: A Case Report", Physical and 
Occupational Therapy In  Pediatrics, 29 (1), pp. 60-70.
DANNEMILLER, L., HERIZA, C., BURTNER, P. & GUTIERREZ, T. (2005) "Partial 
Weight Bearing Treadmill Training in the Home with Young Children with 
Cerebral Palsy: A Study of Feasibility and Motor Outcomes", Pediatric Physical 
Therapy, 17 (1), pp. 77-78.
DAY, J. A., FOX, E. J., LOWE, J., SWALES, H. B. & BEHRMAN, A. L. (2004) 
"Locomotor Training with Partial Body Weight Support on a Treadmill in a 
Nonambulatory Child with Spastic Tétraplégie Cerebral Palsy: A Case Report", 
Pediatric Physical Therapy, 16(2), pp. 106-113.
DEJONG, S. L., STUBERG, W. A. & SPADY, K. L. (2005) "Conditioning Effects of 
Partial Body Weight Support Treadmill Training in Children with Cerebral Palsy", 
Pediatric Physical Therapy, 17 (1), pp. 78.
DEUTSCH, J., BORBELY, M., FILLER, J., HUHN, K. & GUARRERA-BOWLBY, P. 
(2008) "Use of a Low-Cost, Commercially Available Gaming Console (Wii) for 
Rehabilitation of an Adolescent with Cerebral Palsy", Physical Therapy, 88 (10), 
pp. 1196-1207.
DEUTSCH, J. E., LEWIS, J. A., BOIAN, R., BURDEA, G. & TREMAINE, M. (2005) 
"Formative Evaluation and Preliminary Findings of a Virtual Reality 
Telerehabilitation System for the Lower Extremity", Presence, 14 (2), pp. 198- 
213.
DEUTSCH, J. E., LEWIS, J. A. & BURDEA, G. (2007) "Technical and Patient 
Performance Using a Virtual Reality-Integrated Telerehabilitation System: 
Preliminary Finding", Transactions on Neural S ystems and Rehabilitation 
Engineering, 15 (1), pp. 30-35.
DEUTSCH, J. E., MERIANS, A. S., ADAMOVICH, S., POIZNER, H. & BURDEA , G.
C. (2004) "Development and Application of Virtual Reality Technology to 
Improve Hand Use and Gait of Individuals Post-Stroke", Restorative Neurology 
AND Neuroscience, 22 (3-5), pp. 371-386.
DEUTSCH, J. E. & MIRELMAN, A. (2007) "Virtual Reality-Based Approaches to 
Enable Walking for People Poststroke", Topics in  S troke Réhabilita tion, 14 (6), 
pp. 45-53.
214
M.Al-Amri___________________________________________________________________________________________________References
DIERUF, K., BURTNER, P. A., PROVOST, B., PHILLIPS, J., BERNITSKY- 
BEDDINGFIELD, A. & SULLIVAN, K. J. (2009) "A Pilot Study of Quality of 
Life in Children with Cerebral Palsy after Intensive Body Weight-Supported 
Treadmill Training", Pediatric Physical Therapy. 21 (1), pp. 45-52.
DODD, K., TAYLOR, N. & IMMS, C. (2010). Physiotherapy and Occupational Therapy 
for People with Cerebral Palsy: A Problem-Based Approach to Assessment and 
Management, IsLedn. MacKeith Press.
DODD, K. J. & FOLEY, S. (2007) "Partial Body-Weight-Supported Treadmill Training 
Can Improve Walking in Children with Cerebral Palsy: A Clinical Controlled 
Trial", Developmental Medicine and Child Neurology. 49 (2), pp. 101-105.
DODGSON, N. A.(2004) Variation and Extrema of Human Interpupillary Distance.SPIE. 
San Jose, CA, USA,2004: SPIE, pp. 36-46.
EAMES, M. H. A., COSGROVE, A. & BAKER, R. (1999) "Comparing Methods of 
Estimating the Total Body Centre of Mass in Three-Dimensions in Normal and 
Pathological Gaits", H uman M ovement Science. 18 (5), pp. 637-646.
EDMANS, J. A., GLADMAN, J., WALKER, M., SUNDERLAND, A., PORTER, A. & 
STANTON FRASER, D.(2004) Mixed Reality Environments in Stroke 
Rehabilitation: Development as Rehabilitation Tools.5 th  I n t e r n a t io n a l  
C o n fe r e n c e  o n  D isa b ility . V ir t u a l  R e a l i t y  a n d  A s s o c ia te d  T e c h n o lo g y . 
Oxford, UK,2004, pp.
EDMANS, J. A., GLADMAN, J. R. F., COBB, S., SUNDERLAND, A., PRIDMORE, T., 
HILTON, D. & WALKER, M. F. (2006) "Validity of a Virtual Environment for 
Stroke Rehabilitation", S troke. A merican Heart Association 37 (11), pp. 2770- 
2775.
FERNÂNDEZ-BAENA, A., SUSIN, A. & LLIGADAS, X. (2012). Biomechanical 
Validation of Upper-Body and Lower-Body Joint Movements of Kinect Motion 
Capture Data. Universitat Ramon Llull.
FRANKI, I., DESLOOVERE, K., DE CAT, J., FEYS, H., MOLENAERS, G., 
CALDERS, P., VANDERSTRAETEN, G., HIMPENS, E. & VAN BROECK, C. 
(2012) "The Evidence-Base for Basic Physical Therapy Techniques Targeting 
Lower Limb Function in Children with Cerebral Palsy: A Systematic Review 
Using the International Classification of Functioning, Disability and Health as a 
Conceptual Framework", J ournal of Rehabilitation Medicine. 44 (5), pp. 385- 
395.
FUNG, J., RICHARDS, C. L., MALOUIN, F., MCFADYEN, B. J. & LAMONTAGNE,
A. (2006) "A Treadmill and Motion Coupled Virtual Reality System for Gait 
Training Post-Stroke", CyberPsychology AND Beha vior. 9 (2), pp. 157-162.
GAGE, J. R. (1991). Gait Analysis in Cerebral Palsy, First.edn. Oxford: Blackwell 
Scientific Publication.
GAGLIARDI, C., MAGHINI, C., GERMINIASI, C., STEFANONI, G., MOLTENI, F., 
BURT, D. M. & TURCONI, A. C. (2008) "The Effect of Frequency of Cerebral 
Palsy Treatment: A Matched-Pair Pilot Study", Pediatrig Neurology, 39 (5), pp. 
335-340.
GALLIEN, P., NICOLAS, B., PETRILLI, S., KERDONCUFF, V., LASSALLES, A., LE 
TALLEC, H. & DURUFLÉ, A. (2004) "Role for Botulinum Toxin in Back Pain 
Treatment in Adults with Cerebral Palsy: Report of a Case", J oint B one Spine, 71
(1), pp. 76-78.
GALVIN, J. & LEV AC, D. (2011) "Facilitating Clinical Decision-Making About the Use 
of Virtual Reality within Paediatric Motor Rehabilitation: Describing and
215
M.Al-Amri___________________________________________________________________________________________________References
Classifying Virtual Reality Systems", Developmental Neurorehabilitation, 14
(2), pp. 112-122.
GAUNET, F., BEALL, A. C. & LOOMIS, J. M. (1998) "Locomotion Mode Affects the 
Updating of Objects Encountered During Travel: The Contribution of Vestibular 
and Proprioceptive Inputs to Path Integration", Presence: Teleoperators and 
Virtual Environments, 1 (2), pp. 168-178.
GIL, J. A., ALCANIZ, M., MONTESA, J., FERRER, M., CHIRIVELLA, J., NOÉ, E., 
COLOMER , C. & FERRI, J.(2007) Low-Cost Virtual Motor Rehabilitation 
System for Standing Exercises.ViRTUAL R e h a b i l i t a t i o n . Venice, Italy,27-29 Sep 
2007: IEEE, pp. 34 - 38.
GILLHAM, B. (2000). Developing a Questionnaire, London: Continium.
GIRARD, M. (1987) "Interactive Design of 3d Computer-Animated Legged Animal 
Motion", Computer Graphics and Applications, IEEE, 1 (6), pp. 39-51.
GOBBETTI, E. & SCATENI, R. (1999).' Virtual Reality: Past Present and Future', in; 
RIVA, G., WIEDERHOLD, B. & MOLINARI, E. (eds.) Virtual Environments in 
Clinical Psychology and Neuroscience: Methods and Techniques in Advanced 
Patient-Therapist Interaction (Studies in Health Technology and Informatics), 
lOS Press.
GOLOMB, M. R., WARDEN, S., YONKMAN, J., SHIRLEY, B., FESS, E., RABIN, B. 
& BURDEA, G. (2011) "Maintained Hand Function and Forearm Bone Health 14 
Months after an in-Home Virtual-Reality Videogame Hand Telerehabilitation 
Intervention in an Adolescent with Hemiplegic Cerebral Palsy", J ournal of 
Child Neurology, 26 (3), pp. 289-393.
GORMLEY, M. J. (2001) "Treatment of Neuromuscular and Musculoskeletal Problems 
in Cerebral Palsy", Pedia trig Réhabilita tion, 4 (1), pp. 5-16.
GORTER, H., HOLTY, L., RAMECKERS, E. E. A., ELVERS, H. J. W. H. & 
OOSTENDORP, R. A. B. (2009) "Changes in Endurance and Walking Ability 
through Functional Physical Training in Children with Cerebral Palsy", Pediatric 
Physical Therapy, 21 (l),pp . 31-37.
GOURLAY, D., LUN , K. C., LEE, Y. N. & TAY, J. (2000) "Virtual Reality for 
Relearning Daily Living Skills", International J ournal of Medical 
Informatics, 60 (3), pp. 255-261.
GOWLETT, J. A. J. (2006).' The Elements of Design Form in Acheulian Bifaces: Modes, 
Modalities, Rules and Language', in; GOREN-INBAR, N. & SHARON, G. (eds.) 
Axe Age: Acheulian Tool-Making from Quarry to Discard. London: Equinox 
Publishing.
GRAHAM, H. K., AOKI, K. R., AUTTI-RÀMÔ, L, BOYD, R. N., DELGADO, M. R., 
GAEBLER-SPIRA, D. J., GORMLEY JR, M. E., GUYER, B. M., HEINEN, F., 
HOLTON, A. F., MATTHEWS, D., MOLENAERS, G., MOTTA, F., GARCiA 
RUIZ, P. J. & WISSEL, J. (2000) "Recommendations for the Use of Botulinum 
Toxin Type a in the Management of Cerebral Palsy", Gait  and Posture, 11 (1), 
pp. 67-79.
GRAHAM, H. K. & SELBER, P. (2003) "Musculoskeletal Aspects of Cerebral Palsy", 
J ournal of B one and J oint S urgery, 85 (2), pp. 157-166.
GREEN, J., YOUNG, J., FORSTER, A., COLLEN, F. & WADE, D. (2004) "Combined 
Analysis of Two Randomized Trials of Community Physiotherapy for Patients 
More Than One Year Post Stroke", Clinical Rehabilitation, 18 (3), pp. 249-252.
GRIFFITHS, M. & CLEGG, M. (1988). Cerebral Palsy: Problems and Practice, London: 
Souvenir Press.
216
M.Al-Amri___________________________________________________________________________________________________References
GROCHOW, K., MARTIN, S. L., HERTZMANN, A. & POPOVI, Z. (2004) "Style- 
Based Inverse Kinematics", ACM Transactions on Graphics, 23 (3), pp. 522- 
531.
HAGUE, P. N. (1993). Questionnaire Design, London: Kogan Page.
HAIR, J. R., BLACK, W. C., BABIN, B. J., ANDERSON, R. E. & TATHAM, R. L. 
(2006). Multivariate Data Analysis, 6th.edn. London: Prentice Hall.
HARRIS, K. & REID, D. (2005) "The Influence of Virtual Reality Play on Children’s 
Motivation", Canadian J ournal of Occupational Therapy, 72 (1), pp. 21-29.
HELD, R, & DURLACH, N. (1991).' Telepresence, Time Delay and Adaptation', in.- 
ELLIS, S., KAISER, M. K. & GRUNWALD, A. C. (eds.) Pictorial 
Communication in Virtual and Real Environments Taylor and Francis.
HERDA, L., FUA, P., PLÀNKERS, R., BOULIC, R. & THALMANN, D. (2001) "Using 
Skeleton-Based Tracking to Increase the Reliability of Optical Motion Capture", 
H uman M ovement Science, 20 (3), pp. 313-341.
HOFVERBERG, S. (2009). Qtm Real-Time Server Protocol Documentation:Version 1.2. 
Qualisys.
HOLDEN, M. K. (2005) "Virtual Environments for Motor Rehabilitation: Review", 
C yberP s y c h o l o g y  AND B e h a v io r , 8 (3), pp. 187-211.
HOLDEN, M. K., DYAR, T. A. & DAYAN-CIMADORO, L. (2007) " Telerehabilitation 
Using a Virtual Environment Improves Upper Extremity Function in Patients with 
Stroke", IEEE Transactions on Neural Systems and Rehabilitation 
Engineering, 15 (1), pp. 36-42.
HOLDEN, M. K., DYAR, T. A., SCHWAMM, L. & BIZZI, E.(2003) Home-Based 
Telerehabilitation Using a Virtual Environment Svstem.2ND I n t e r n a t i o n a l  
W o r k s h o p  o n  V i r t u a l  R e h a b i l i t a t i o n . 2003, pp. 4-12.
HOLDEN, M. K. & TODOROV, E. (2002).' Use of Virtual Environments in Motor 
Learning and Rehabilitation', in; STANNEY, K. M. (ed.) Handbook o f  Virtual 
Environments: Design, Implementation, and Applications. Lawrence Erlbaum 
Assoc.
HOLLMAN , J. H., BREY , R. H., BANG , T. J. & KAUFMAN, K. R. (2007) "Does 
Walking in a Virtual Environment Induce Unstable Gait? An Examination of 
Vertical Ground Reaction Forces", Gait  and Posture, 26 (2), pp. 289-294.
HOLZINGER, A. (2005) "Usability Engineering Methods for Software Developers", 
COMMUNICA TIONS OF THE ACM, 48 (1), pp. 71-74.
HONG, L. & FENG, Z.(2005) The Application of Visual Reality in Medicine.27rH 
A n n u a l  C o n f e r e n c e  o n  E n g i n e e r i n g  i n  M e d i c i n e  a n d  B i o l o g y  Shanghai. 
China,2005: IEEE, pp. 2874 - 2877.
HOWARTH PA & M., F. (1999) "The Nauseogenicity of Two Methods of Navigating 
within a Virtual Environment", A pplied Ergonomics, 30 (1), pp. 39-45.
HUBER, M., RABIN, B., DOCAN, C., BURDEA, G., NWOSU, M. E., ABDELBAKY, 
M. & GOLOMB, M. R.(2008) Playstation 3-Based Tele-Rehabilitation for 
Children with Hemiplegia.VIRTUAL R eh a b ilita tio n . Vancouver, Canada,25-27 
Aug 2008, pp. 105-112.
JAFFE, D. L., BROWN, D. A., PIERSON-CAREY , C. D., BUCKLEY, E. L. & LEW,
H. L. (2004) "Stepping over Obstacles to Improve Walking in Individuals with 
Poststroke Hemiplegia", J ournal of Rehabilitation Research and 
Development, 41 (3A), pp. 283 - 292.
JÔBGES, M., HEUSCHKEL, G., PRETZEL, C., ILLHARDT, C., RENNER, C. & 
HUMMELSHEIM, H. (2004) "Repetitive Training of Compensatory Steps: A
217
M.Al-Amri___________________________________________________________________________________________________ References
Therapeutic Approach for Postural Instability in Parkinson’s Disease", Journal 
OF Neurology. Neurosurgery, and Psychiatry. 75, pp. 1682-1687.
JOHNSON, D. A., RUSHTON, S. & SHAW, J.(1996) Virtual Reality Enriched 
Environments, Physical Exercise and Neuropsychological Rehabilitation. 1 ST 
E u ro pea n  C o nferen ce  o n  D isa bility . V irtua l  Rea lity  a nd  A ssociated  
Tec h n o lo g ies . Maidenhead, UK,8-10 July 1996: ECDVRAT and University of 
Reading, pp. 247 - 251.
JOHNSON, D. M. (2005). Introduction to and Review of Simulator Sickness Research. 
U.S. Army Research Institute for the Behavioral and Social Sciences.
JOHNSTON, T., WATSON, K., ROSS, S., GATES, P., GAUGHAN, J., LAUER, R., 
TUCKER, C. & ENGSBERG, J. (2011) "Effects of a Supported Speed Treadmill 
Training Exercise Program on Impairment and Function for Children with 
Cerebral Palsy", Developmental Medicine and Child Neurology, 53 (8), pp. 
742-750.
JOSEPH J. & JR, L. (2000) "A Discussion of Cybersickness in Virtual Environments", 
ACMSIGCHIB ulletin, 32 (1), pp. 47-56.
KADABA, M. P., RAMAKRISHNAN, H. K. & WOOTTEN, M. E. (1990) 
"Measurement of Lower Extremity Kinematics During Level Walking", JOURNAL 
OF Orthopaedic Research, 8 (3), pp. 383-392.
KALAWSKY, R. (1993). The Science o f  Virtual Reality and Virtual Environments: A 
Technical, Scientific and Engineering Reference on Virtual Environments, 1 .edn. 
Wokingham: Addison-Wesley.
KALAWSKY, R. S. (1999) "Vruse—a Computerised Diagnostic Tool: For Usability 
Evaluation of Virtual/Synthetic Environment Systems", Applied Ergonomics, 30 
(1), pp. 11-25.
KIM, N. G., YOO, C. K. & IM, J. J. (1999) "A New Rehabilitation Training System for 
Postural Balance Control Using Virtual Reality Technology", IEEE Transactions 
ON Réhabilita tion Engineering, 7 (4), pp. 482-485.
KNOX, V. & EVANS, A. L. (2002) "Evaluation of the Functional Effects of a Course of 
Bobath Therapy in Children with Cerebral Palsy: A Preliminary Study", 
Developmental Medicine and Child Neurology, 44 (7), pp. 447-460.
KOMAN, L. A., PATERSON SMITH, B. & BALKRISHNAN, R. (2003) "Spasticity 
Associated with Cerebral Palsy in Children: Guidelines for the Use of Botulinum 
a Toxin", Pediatric Drugs, 5 (1), pp. 11-23.
KOREIN, J. U. & BADLER, N. I. (1982) "Techniques for Generating the Goal-Directed 
Motion of Articulated Structures", IEEE Computer Graphics and Applications, 
2 (9), pp. 71-81.
KORITNIK, T., BAJD, T. & MUNIH, M. (2008) "Virtual Environment for Lower- 
Extremities Training", Gait  AND Posture, 27 (2), pp. 323-330.
KOTT, K., LESHER, K. & DELEO, G. (2009) "Combining a Virtual Reality System 
Withtreadmill Training for Children with Cerebral Palsy", CyberTherapy and  
Rehabilitation, 2 (1), pp. 35-42.
LAMPTON, D. R., KNERR, B. W., GOLDBERG, S. L., BLISS, J. P., MOSHELL, J. M. 
& BEAU, B. S. (1994) "The Virtual Environment Performance Assessment 
Battery (Vepab): Development and Evaluation", Presence: Teleoperators and 
Virtual Environments, 3 (2), pp. 145-157.
LANCIONI, G. E., SINGH, N. N., O’REILLY, M. F., SIGAFOOS, J., DIDDEN, R., 
MANFREDI, F., PUTIGNANO, P., STASOLLA, F. & BASILI, G. (2009) 
"Fostering Locomotor Behavior of Children with Developmental Disabilities: An
218
M.Al-Amri___________________________________________________________________________________________________References
Overview of Studies Using Treadmills and Walkers with Microswitches", 
Research in  Developmental Disabilities. 30 (2), pp. 308-322.
LEARY, S. M., GILPIN, P., LOCKLEY, L., RODRIGUEZ, L., JARRETT, L. & 
STEVENSON, V. L. (2006) "Intrathecal Baclofen Therapy Improves Functional 
Intelligibility of Speech in Cerebral Palsy", Clinical Rehabilitation 20 (3), pp. 
228-231.
LEE, J. H., SUNG, I. Y. & YOO, J. Y. (2008) "Therapeutic Effects of Strengthening 
Exercise on Gait Function of Cerebral Palsy", Disability AND Rehabilitation 30 
(19), pp. 1439-1444.
LEE, S. J. & HIDLER, J. H. (2008) "Biomechanics of Overground Vs. Treadmill 
Walking in Healthy Individuals", J ournal of Applied Physiology. 104 (3), pp. 
747-755.
LIAO, H., LIU, Y., LIU, W. & LIN, Y. (2007) "Effectiveness of Loaded Sit-to-Stand 
Resistance Exercise for Children with Mild Spastic Diplegia: A Randomized 
Clinical Trial", Archives of Physical Medicine and Rehabilitation 88 (1), pp. 
25-31.
LICHTENSTEIN, L., BARABAS, J., WOODS, R. L. & PELI, E. (2007) "A Feedback- 
Controlled Interface for Treadmill Locomotion in Virtual Environments", ACM  
Transactions ON Applied Perception 4 G L pp. 1-17.
LINDGAARD, G. (1994). Usability Testing and System Evaluation: A Guide for  
Designing Useful Computer Systems, First.edn. London: Chapman and Hall 
Computing.
LOGICIAN, E. L., WOLINSKY, J. S., SORIANO, S. G., MADSEN, J. R. & SCOTT, R. 
M. (1994) "H Reflex Studies in Cerebral Palsy Patients Undergoing Partial Dorsal 
Rhizotomy", M uscle  and N er ve. 17 (5), pp. 539-549.
LÔWGREN, J. (1995). Perspectives on Usability. IDA Technical Report, LiTH-IDA-R- 
95-23. Linkoping University, Sweden. '
MANURUNG, A., JUNGWON, Y. & HYUNG-SOON, P.(2010) Speed Adaptation 
Control of a Small-Sized Treadmill with State Feedback Controller.3rd  IEEE 
RAS AND EMBS I n t e r n a t io n a l  C o n fe r e n c e  o n  B io m ed ica l R o b o tic s  a n d  
B io m ec h a tr o n ics  tBioRoBl. 26-29 Sept. 2010, pp. 15-20.
MARSH, T., WRIGHT, P., SMITH, S. & DUKE, D .(l998) A Shared Framework of 
Virtual Realitv.5TH UK-VRSIG C o n fe r e n c e . Exeter,UK,1998, pp.
MAURITZ, K. H. (2002) "Gait Training in Hemiplegia", E uropean J ournal of 
Neurology, 9 (si), pp. 23-29.
MCCREA, P. H., ENG, J. J. & HODGSON, A. J. (2002) "Biomechanics of Reaching: 
Clinical Implications for Individuals with Acquired Brain Injury", D isability AND 
Rehabilitation, 24 (10), pp. 534-541.
MESSENGER. (2010) Field o f View (Fov) with Math [Online]. Available: 
http://www.sciencenetlinks.com/messenger/ [Accessed 30/08/2010].
MINETTI, A., BOLDRINI, L., BRUSAMOLIN, L., ZAMPARO. P & MCKEE, T. 
(2003) "A Feedback-Controlled Treadmill (Treadmill-on-Demand) and the 
Spontaneous Speed of Walking and Running in Humans", J ournal of A pplied 
Physiology, 95 (2), pp. 838-843.
MIRELMAN, A., PATRITTI, B., BONATO, P. & DEUTSCH, J. (2010) "Effects of 
Virtual Reality Training on Gait Biomechanics of Individuals Post-Stroke", Ga it  
AND Posture, 31 (4), pp. 433-437.
219
M.Al-Amri___________________________________________________________________________________________________References
MOCKFORD, M. & CAULTON, J. M. (2008) "Systematic Review of Progressive 
Strength Training in Children and Adolescents with Cerebral Palsy Who Are 
Ambulatory", Pedia trig Physical Therapy. 20 (4), pp. 318-333.
MOSELEY, A., STARK , A., CAMERONI , D. & POLLOCK , A. (2005) "Treadmill 
Training and Body Weight Support for Walking after Stroke (Review)", 
Cochrane Database of S ystematic Reviews. CD002840.DOI: 
10.1002/14651858. CD002840. pub2 (4), pp. 1-82.
NEALE, H. & NICHOLS, S. (2001) "Theme-Based Content Analysis: A Flexible Method 
for Virtual Environment Evaluation", International J ournal of H uman- 
Computer S tudies 55 (2), pp. 167-189
NIELSEN, J. (2003) Usability 101: Introduction to Usability [Online]. Available: 
http://www.useit.com/alertbox/20030825.html [Accessed 20/01/2011].
O'SULLIVAN, R., KIERNAN, D., WALSH, M. & O'BRIEN, T. (2008) "Treadmill Gait 
in Diplegic Cerebral Palsy", Gait  AND P osture. 28, pp. 591.
OUTPATIENT SERVICE TRIALISTS (2003) "Therapy-Based Rehabilitation Services 
for Stroke Patients at Home", Cochrane Database of S ystematic Reviews, (Issue
1. Art. No.: CD002925. DOI: 10.1002/14651858.CD002925.).
PARKES, J., DONNELLY, M. & HILL, N. (2001). Focusing on Cerebral Palsy: 
Reviewing and Communicating Needs for Services. Scope,London,UK.
PARSONS, T. D., RIZZO, A. A., ROGERS, S. & YORK, P. (2009) "Virtual Reality in 
Paediatric Rehabilitation: A Review", Developmental Neurorehabilita tion, 12 
(4), pp. 224-238.
PATEL, D. & SOYODE, O. (2005) "Pharmacologic Interventions for Reducing 
Spasticity in Cerebral Palsy", Indian J ournal of Pediatrics, 72 (10), pp. 869- 
872.
PEDERSEN, B. K. & SALTIN, B. (2006) "Evidence for Prescribing Exercise as Therapy 
in Chronic Disease: Review", Scandinavian J ournal of Medicine and Science 
IN Sports, 16 (Suppl. 1), pp. 3-63.
PEINADO, M., HERBELIN, B., WANDERLEY, M., LE CALLENNEC, B., BOULIC,
B. & THALMANN, D.(2004) Towards Configurable Motion Capture with 
Prioritized Inverse Kinematics.3RD In ter n a tio n a l  W ork sho p  o n  V irtua l  
R ehabilitation  HVWR041 Lausanne. Switzerland, 16-17 Sept. 2004, pp. 85-96.
PEPPEN, R. P. V., KWAKKEL, G., WOOD-DAUPHINEE, S., HENDRIKS, H. J., 
WEES , P. J. V. & DEKKER, J. (2004) "The Impact of Physical Therapy on 
Functional Outcomes after Stroke: What's the Evidence?", Clinical
Rehabilitation, 18 f8L pp. 833-862.
PEREZ, C. & FUNG, J. (2011) "An Instrumented Cane Devised for Gait Rehabilitation 
and Research.", Journal of Physical Therapy Education, 25 (1), pp. 36-41.
PERRY, J. (1992). Gait Analysis'.Normal and Pathological Function, Thorofare: Slack 
Incorporated.
PETERSEN, M. C. & PALMER, F. B. (2001) "Advances in Prevention and Treatment of 
Cerebral Palsy", Mental Retardation and Developmental Disabilities 
Research Reviews, 1 (1), pp. 30-37.
PHILLIPS, J. P., SULLIVAN, K. J., BURTNER, P. A., CAPRIHAN, A., PROVOST, B. 
& BERNITSKY-BEDDINGFIELD, A. (2007) "Ankle Dorsiflexion Fmri in 
Children with Cerebral Palsy Undergoing Intensive Body-Weight-Supported 
Treadmill Training: A Pilot Study", Developmental Medicine and  Child 
Neurology, 49 (1), pp. 39-44.
2 2 0
M.Al-Amri___________________________________________________________________________________________________References
PINELLE, D., WONG, N. & STACH, T.(2008) Heuristic Evaluation for Games: 
Usability Principles for Video Game Design.26TH A n n u a l  SIGCHI C onferen ce  
ON H u m an  Facto rs in  C o m puting  System s  Florence. Italy.,2008, pp. 1453- 
1462.
POHL, M., WERNER, C., HOLZGRAEFE, M., KROCZEK, G., WINGENDORF, I., 
HOÔLIG, G., KOCH, R. & HESSE, S. (2007) "Repetitive Locomotor Training 
and Physiotherapy Improve Walking and Basic Activities of Daily Living after 
Stroke: A Single-Blind, Randomized Multicentre Trial (Deutsche
Gangtrainerstudie, Degas)", Clinical Rehabilitation, 21 (1), pp. 17-27.
PRIDMORE, T., COBB, S., HILTON, D., GREEN, J. & EASTGATE, R. (2007) "Mixed 
Reality Environments in Stroke Rehabilitation: Interfaces across the RealWirtual 
Divide", International J ournal on Disability and H uman Development, 6 (1), 
pp. 87-95.
PROVOST, B., DIERUF, K., BURTNER, P. A., PHILLIPS, J. P., BERNITSKY- 
BEDDINGFIELD , A., SULLIVAN, K. J., BOWEN, C. A. & TOSER, L. (2007) 
"Endurance and Gait in Children with Cerebral Palsy after Intensive Body 
Weight-Supported Treadmill Training", Pediatric Physical Therapy, 19 (1), pp. 
2- 10.
RAND, D., WEISS (TAMAR), P. L. & KATZ, N. (2009) "Training Multitasking in a 
Virtual Supermarket: A Novel Intervention after Stroke", The American J ournal 
OF Occupational Therapy, 63 (5), pp. 535-542.
READ, J. C., MACFARLANE, S. J. & CASEY, C.(2002) Endurability, Engagement and 
Expectations: Measuring Children's Fun.lNTERACTiON D esig n  and  C h ildren  
W o r k sh o p . 2002, pp. 189-198
REID, D. (2002a) "Benefits of a Virtual Play Rehabilitation Environment for Children 
with Cerebral Palsy on Perceptions of Self-Efficacy: A Pilot Study", Pediatric 
Rehabilitation, 5 (3), pp. 141-148.
REID, D. (2004) "The Influence of Virtual Reality on Playftilness in Children with 
Cerebral Palsy: A Pilot Study", Occupational Therapy International, 11 (3), 
pp. 131-44.
REID, D. T. (2002b) "Changes in Seated Postural Control in Children with Cerebral Palsy 
Following a Virtual Play Environment Rehabilitation Intervention", Israel 
J ournal of Occupational Therapy, 11, pp. 451-462.
REINKENSMEYER, D. J., PANG, C. T., NESSLER, J. A. & PADITER, C. C. (2002) 
"Web-Based Telerehabilitation for the Upper Extremity after Stroke", IEEE 
Transactions on Neural S ystems and Rehabilitation Engineering, 10 (2), pp. 
102-108.
RIZZO, A., BUCKWALTER, J. G., VAN DER ZAAG, C., NEUMANN, U., 
THIEBAUX, M., CHUA, C., VAN ROOYEN, A., HUMPHREY, L. & LARSON, 
P.(2000) Virtual Environment Applications in Clinical Neuropsychology .V irtua l  
R ea lity . New Brunswick, NJ, USA,2000: IEEE, pp. 63-70.
RIZZO, A. A., SCHULTHEIS, M., KERNS, K. A. & MATEER, C. (2004) "Analysis of 
Assets for Virtual Reality Applications in Neuropsychology", 
Neuropsychological Rehabilitation, 14 (1/2), pp. 207-239.
ROHRER, B., FASOLI, S., KREBS, H., HUGHES, R., VOLPE, B., FRONTERA, W., 
STEIN, J. & HOGAN, N. (2002) "Movement Smoothness Changes During Stroke 
Recovery", The J ournal of Neuroscience N ursing, 22 (8), pp. 8297-8304.
2 2 1
M.Al-Amri___________________________________________________________________________________________________References
ROSCIGNO, C. I. (2002) "Addressing Spasticity-Related Pain in Children with Spastic 
Cerebral Palsy", Journal of the American Association of Neuroscience 
Nurses, 34 (3), pp. 123-133.
ROSE, F. D.(1996) Virtual Reality in Rehabilitation Following Traumatic Brain 
Injury. 1st European Conference on  D isability. V irtual Reality  and  
A ssociated Technologies. Maidenhead, UK, 1996: ECDVRAT and University 
of Reading, pp. 5-12.
ROSE, F. D., BROOKS, B. M. & RIZZO, A. (2005) "Virtual Reality in Brain Damage 
Rehabilitation: Review", CyberPsychology AND Beha vior, 8 (3), pp. 241-262.
ROSENBAUM, P. (2003) "Cerebral Palsy: What Parents and Doctors Want to Know", 
British Medical Journal, 326 (7396), pp. 970-974.
ROSENBAUM, P., PANETH, N., LEVITON, A., GOLDSTEIN , M., BAX, M., 
DAMIANO, D., DAN, B. & JACOBSSON, B. (2007) "A Report: The Definition 
and Classification of Cerebral Palsy April 2006", Developmental Medicine & 
Child Neurology, 49 (s i09), pp. 8-14.
ROSENBLOOM, L. (1995) "Diagnosis and Management of Cerebral Palsy", Archives 
OF Disease in Childhood, 72 (4), pp. 350-354.
RYAN, T., ENDERBY, P. & RIGBY, A. S. (2006) "A Randomized Controlled Trial to 
Evaluate Intensity of Community-Based Rehabilitation Provision Following 
Stroke or Hip Fracture in Old Age", Clinical Rehabilitation, 20 (2), pp. 123- 
131.
SAMILSON, R. L. (1975). Orthopaedic Aspects o f Cerebral Palsy, London: Heinemann 
Medical.
SANDERS, E., BEGNOCHE, D. & PITETTI, K. H. (2005) "Effect of an Intensive 
Physical Therapy Program with Partial Body Weight Treadmill Training on a 9 
Year-Old Child with Spastic Diplegic Cerebral Palsy", Pediatric Physical 
Therapy, 17 (1), pp. 82.
SANDLUND, M., MCDONOUGH, S. & HÂGER-ROSS, C. (2008) "Interactive 
Computer Play in Rehabilitation of Children with Sensorimotor Disorders: A 
Systematic Review", Developmental Medicine and Child Neurology, 51 (3), 
pp. 173-179.
SANDLUND, M., WATERWORTH, E. & HÂGER, C. (2011) "Using Motion Interactive 
Games to Promote Physical Activity and Enhance Motor Performance in Children 
with Cerebral Palsy", Developmental Neurorehabilita tion, 14 ( 1 ), pp. 15-21.
SAPOSNIK, G., LEVIN, M. & OUTCOME RESEARCH CANADA (SORCAN) 
WORKING GROUP (2011) "Virtual Reality in Stroke Rehabilitation: A 
Metaanalysis and Practical Implications for Clinicians", Stroke, 42 (5), pp. 1380- 
1386.
SCHINDL, M. R., FORSTNER, C., KERN, H. & HESSE, S. (2000) "Treadmill Training 
with Partial Body Weight Support in Nonambulatory Patients with Cerebral 
Palsv". Archives of Physical Medicine and Rehabilitation, 81 (3), pp. 301-306.
SCHOLTZ, J. (2004) Usability Evaluation [Online]. Available: 
http://info.psu.edu.sa/psu/cis/biq/dss/lectures/UsabilitvEvaluation revl.pdf 
[Accessed 25/1/2011].
SCHWARTZ, L., ENGEL, J. M. & JENSEN, M. P. (1999) "Pain in Persons with 
Cerebral Palsy", Archives of Physical Medicine and Rehabilitation, 80 (10), 
pp. 1243-1246.
SCIANNI, A., BUTLER, J. M., ADA, L. & TEIXEIRA-SALMELA, L. F. (2009) 
"Muscle Strengthening Is Not Effective in Children and Adolescents with
222
M.Al-Amri___________________________________________________________________________________________________References
Cerebral Palsy: A Systematic Review", Australian Journal of Physiotherapy, 
55 (2), pp. 81-87.
SEKARAN, U. (2003). Research Methods for Business : A Skill-Building Approach, 
4th.edn. New York: Wiley.
SHEIK-NAINAR, M. A. & KABER, D. B. (2007) "The Utility of a Virtual Reality 
Locomotion Interface for Studying Gait Behavior", Human Factors, 49 (4), pp. 
696-709
SHIOZAWA, N., ARIMA, S. & MAKIKAWA, M.(2004) Virtual Walkway System and 
Prediction of Gait Mode Transition for the Control of the Gait Simulator 26th 
Annu al  International Conference of the IEEE: Engineering in M edicine 
and  B iology Society. San Francisco, CA, USA, 1-5 Sept. 2004: IEEE, pp. 2699- 
2702.
SHUMWAY-COOK, A. & WOOLLACOTT, M. H. (1995). Motor Control: Theory and 
Practical Applications, Lippincott Williams and Wilkins.
SNIDER, L., MAJNEMER, A. & DARSAKLIS, V. (2010) "Virtual Reality as a 
Therapeutic Modality for Children with Cerebral Palsy", Developmental 
Neurorehabilita tion, 13 (2), pp. 120-128.
SOUMAN, J. L., GIORDANO, P. R., FRISSEN, I., LUCA, A. D. & ERNST, M. O. 
(2010) "Making Virtual Walking Real: Perceptual Evaluation of a New Treadmill 
Control Algorithm", ACM Transactions on Applied Perception, 7 (2), pp. 1-14.
STANGER, M. & ORESIC, S. (2003) "Rehabilitation Approaches for Children with 
Cerebral Palsy: Overview", Journal of Child Neurology, 18 (1), pp. S79-S88.
STANNEY, M., MOURANT, R. R. & KENNEDY, R. S. (1998) "Human Factors Issues 
in Virtual Environments: A Review of the Literature", Presence: Teleoperators 
AND Virtual Environments, 1 (4), pp. 327-351.
SUBRAMANIAN, S., KNAUT, L., BEAUDOIN, C., MCFADYEN, B., FELDMAN, A. 
& LEVIN, M. (2007a) "Virtual Reality Environments for Post-Stroke Arm 
Rehabilitation", Journal of NeuroEngineering and Rehabilitation, 4 (1), pp. 
20-25.
SUBRAMANIAN, S., KNAUT, L. A., BEAUDOIN, C. & LEVIN, M. F.(2007b) 
Enhanced Feedback During Training in Virtual Versus Real World 
Environments.Vi r t u a l  R e h a b i l i t a t i o n . Venice, Italy,27-29 Sept. 2007b: IEEE, 
pp. 8-13.
SUDMAN, S. (1982). Asking Questions : A Practical Guide to Questionnaire Design, 
San Francisco Jossey Bass.
SUTHERLAND, D. H., KAUFMAN, K. R., WYATT, M. P. & CHAMBERS, H. G. 
(1996) "Injection of Botulinum a Toxin into the Gastrocnemius Muscle of Patients 
with Cerebral Palsy: A 3-Dimensional Motion Analysis Study", Gait and 
Posture, 4 (4), pp. 269-279.
SVEISTRUP, H. (2004) "Motor Rehabilitation Using Virtual Reality", Journal of 
Neuro Engineering and Rehabilitation Psychology, 1 (l),pp. 10-18.
TAYLOR, N. F., DODD, K. J. & DAMIANO, D. L. (2005) "Progressive Resistance 
Exercise in Physical Therapy: A Summary of Systematic Reviews", PHYSICAL 
Therapy, 85 (11), pp. 1208-1223.
THALMANN, N. M. & THALMANN, D. (1999).' Virtual Reality Software and 
Technology', in; HENDERSON, H. (ed.) Encyclopedia o f Computer Science and 
Technology. Marcel Dekker.
THE GLASGOW AUGMENTED PHYSIOTHERAPY STUDY (GAPS) GROUP (2004) 
"Can Augmented Physiotherapy Input Enhance Recovery of Mobility after
223
M.Al-Amri______________________________________________   -___________________ References
Stroke? A Randomized Controlled Trial", Clinical Rehabilitation, 18 (5), pp. 
529-537.
THE UNIVERSITY OF NORTH CAROLINA AT CHAPEL HILL. (1997) 
Stereographies Developers’ Handbook [Online]. Available: 
http://cs.nnc.edu/Research/stc/FAOs/Stereo/stereo-handbook.ndf [Accessed 
30/08/2010].
TIERNEY, N. W., CROUCH, J., GARCIA, H., WALKER, M., LUNEN, B. V., DELEO, 
G., MAIHAFER, G. & RINGLEB, S.(2007) Virtual Reality in Gait 
Rehabilitation.MODSIM W o r l d . September, 2007 2007, pp.
TOLANI, D., GOSWAMI, A. & BADLER, N. I. (2000) "Real-Time Inverse Kinematics 
Techniques for Anthropomorphic Limbs", Graphical Models and Image 
Processing, 62 (5 \  pp. 353-388.
TSORLAKIS, N., EVAGGELINOU, C., GROUIOS G & TSORBATZOUDIS, C. (2004) 
"Effect of Intensive Neurodevelopmental Treatment in Gross Motor Function of 
Children with Cerebral Palsy", Developmental Medicine and Child 
Neurology, 46 (11), pp. 740-745.
UNZUETA, L., PEINADO, M., BOULIC, R. & SUESCUN, A. (2008) "Full-Body 
Performance Animation with Sequential Inverse Kinematics", Graphical 
Models, 70 (5), pp. 87-104. •
VAUGHAN, C. L., DAVIS, B. L. & O’CONNOR, J. C. (1999). Dynamics o f  Human 
Gait, Kiboho.
VERSCHUREN, O., KETELAAR, M., TAKKEN, T., HELDERS, P. J. M. & GORTER, 
J. W. (2008) "Exercise Programs for Children with Cerebral Palsy: A Systematic 
Review of the Literature", American Journal of Physical Medicine and 
Rehabilitation, 87 (5), pp. 404-417.
VINCE, J. (1995). Virtual Reality Systems, 1st.edn. Addison Wesley Longman.
VON ZITZEWITZ, J., BERNHARDT, M. & RIENER, R. (2007) "A Novel Method for 
Automatic Treadmill Speed Adaptation", IEEE Transactions on Neural Systems 
AND Rehabilitation Engineering, 15 (3), pp. 401-409.
VUYLSTEKER, P. (2004) Cave (Cave Automatic Virtual Environment) in Display 
Technologies [Online]. Available: http ://www. vrarchitect.net/anu/cg/Displav/ 
[Accessed 09/08/2011].
WANG, M. & REID, D. (2011) "Virtual Reality in Pediatric Neurorehabilitation: 
Attention Deficit Hyperactivity Disorder, Autism and Cerebral Palsy", 
Neuroepidemiology, 36 (1), pp. 2-18.
WEISS , P. L. T., NAVEH , Y. & KATZ, N. (2003) "Design and Testing of a Virtual 
Environment to Train Stroke Patients with Unilateral Spatial Neglect to Cross a 
Street Safely", Occupational Therapy International, 10 (1), pp. 39-55.
WELMAN, C. 1989. Inverse Kinematics and Geometric Constraints fo r Articulated 
Figure Manipulation. Master of Science, Simon Fraser Universitv.
WHAM, R. M. 2012. Three-Dimensional Kinematic Analysis Using the Xbox Kinect. 
Universitv of Tennessee
WHITTLE, M. W. (2002). Gait Analysis : An Introduction, 3.edn. Oxford: Butterworth 
Heinemann.
WILLANS, J. S., SMITH, S. P. & HARRISON, M. D. (2001). Using Scenarios to 
Identify the Design Requirements of Virtual Environments. Technical Report YCS 
555. University of York.
WILLIAMS, H. & POUNTNEY, T. (2007) "Effects of a Static Bicycling Programme on 
the Functional Ability of Young People with Cerebral Palsy Who Are Non-
224
M.Al-Amri_________________________    References
Ambulant", Developmental Medicine and Child Neurology, 49 (7), pp. 522- 
527.
WITMER, B. G. & SINGER, M. J. (1998) "Measuring Presence in Virtual Environments: 
A Presence Questionnaire", Presence: Teleoperators and Virtual
Environments, 7 (3), pp. 225-240.
WOODWAY (2008). Pps Series Treadmill Ergometer:Owners Manual. USA Waukesha: 
WOODWAY.
WORLD VIZ. (2011) Company Info [Online]. Available: http ://www. worldviz.com 
[Accessed 21/02/2011].
XUE, D., CHEN, Y. & ATHERTON, D. P. (2008). Linear Feedback Control: Analysis 
and Design with Matlab, 1 edition.edn. Society for Industrial Mathematics.
YALON-CHAMOVITZ, S. & WEISS, P. L. T. (2008) "Virtual Reality as a Leisure 
Activity for Young Adults with Physical and Intellectual Disabilities", Research 
IN Developmental Disabilities, 29 (3), pp. 273-287.
YANG , Y. R., TSAI, M. P., CHUANG, T. Y., SUNG , W. H. & WANG, R. Y. (2008) 
"Virtual Reality-Based Training Improves Community Ambulation in Individuals 
with Stroke: A Randomized Controlled Trial", Gait and Posture, 28 (2), pp. 201- 
206.
YE, J., BADIYANI, S., RAJA, V. & SCHLEGEL, T.(2007) Applications of Virtual 
Reality in Product Design Evaluation. 12th International Conference on  
Hum an-Computer Interaction . Beijing, China,2007: Springer-Verlag Berlin, 
pp. 1611-3349.
YOU, S., JANG, S., KIM, Y., KWON, Y., BARROW, I. & HALLETT, M. (2005a) 
"Cortical Reorganization Induced by Virtual Reality Therapy in a Child with 
Hemiparetic Cerebral Palsy", Developmental Medicine and Child Neurology, 
47 (9), pp. 628-635.
YOU, S. H., JANG, S. H., KIM, Y.-H. K., KWON, Y.-H., BARROW, I. B. & 
HALLETT, M. H. (2005b) "Cortical Reorganization Induced by Virtual Reality 
Therapy in a Child with Hemiparetic Cerebral Palsy", Developmental Medicine 
AND Child Neurology, 47 (9), pp. 628-635.
YOU, S. H., JANG, S. H., KIM, Y. H., HALLETT, M., AHN, S. H., KWON, Y. H., 
KIM, J. H. & LEE, M. Y. (2005c) "Virtual Reality-Induced Cortical 
Reorganization and Associated Locomotor Recovery in Chronic Stroke", 
American Heart Association, Inc, 36(6), pp. 1166-1176.
YOUNG, J. & FORSTER, A. (2007) "Review of Stroke Rehabilitation", British Medical 
Journal, 334, pp. 86-90.
225
M.Al-Amri Appendices
APPENDICES
226
M.Al-Amri_____________________________________________________________________________________________ Appendices
Appendices
Appendix A: GMFCS
Gross Motor Function Classification System for Cerebral 
Palsy (GMFCS)
GMFCS - E  & R © Robert Palisano, Peter Rosenbaum, Doreen Bartlett, Michael Livingston, 2007CanChild Centre for Childhood 
Disability Research, McMaster University
GMFCS © Robert Palisano, Peter Rosenbaum, Stephen Walter, Dianne Russell, Ellen Wood, Barbara Galuppi, 1997 CanChild 
Centre for Childhood Disability Research, McMaster University (Reference: Dev Med Child Neurol 1997;39:214-223)
INTRODUCTION and USER INSTRUCTIONS
The Gross Motor Function Classification System (GMFCS) for cerebral palsy is based on self-initiated 
movement, with emphasis on sitting, transfers, and mobility. When defining a five-level classification 
system, our primary criterion has been that the distinctions between levels must be meaningful in daily life. 
Distinctions are based on functional limitations, the need for hand-held mobility devices (such as walkers, 
crutches, or canes) or wheeled mobility, and to a much lesser extent, quality of movement. The distinctions 
between Levels I and II are not as pronounced as the distinctions between the other levels, particularly for 
infants less than 2 years of age. The expanded GMFCS (2007) includes an age band for youth 12 to 18 
years of age and emphasizes the concepts inherent in the World Health Organization’s International 
Classification of Functioning, Disability and Health (ICF). We encourage users to be aware of the impact 
that environmental and personal factors may have on what children and youth are observed or reported to 
do. The focus of the GMFCS is on determining which level best represents the child’s or youth’s present 
abilities and limitations in gross motor function. Emphasis is on usual performance in home, school, 
and community settings (i.e., what they do), rather than what they are known to be able to do at their best 
(capability). It is therefore important to classify current performance in gross motor function and not to 
include judgments about the quality of movement or prognosis for improvement.
The title for each level is the method of mobility that is most characteristic of performance after 6 years of 
age. The descriptions of functional abilities and limitations for each age band are broad and are not intended 
to describe all aspects of the function of individual children/youth. For example, an infant with hemiplegia 
who is unable to crawl on his or her hands and knees, but otherwise fits the description of Level I (i.e., can 
pull to stand and walk), would be classified in Level I. The scale is ordinal, with no intent that the distances 
between levels be considered equal or that children and youth with cerebral palsy are equally distributed 
across the five levels. A summary of the distinctions between each pair of levels is provided to assist in 
determining the level that most closely resembles a child’s/youth’s current gross motor function.
We recognize that the manifestations of gross motor function are dependent on age, especially during 
infancy and early childhood. For each level, separate descriptions are provided in several age bands. 
Children below age 2 should be considered at their corrected age if they were premature. The descriptions 
for the 6 to 12 year and 12 to i8 year age bands reflect the potential impact of environment factors (e.g., 
distances in school and community) and personal factors (e.g., energy demands and social preferences) on 
methods of mobility. An effort has been made to emphasize abilities rather than limitations. Thus, as a 
general principle, the gross motor function of children and youth who are able to perform the functions 
described in any particular level will probably be classified at or above that level of function; in contrast, 
the gross motor function of children and youth who cannot perform the functions of a particular level 
should be classified below that level of function.
OPERATIONAL DEFINITIONS
• Body support walker -  A mobility device that supports the pelvis and trunk. The child/youth is 
physically positioned in the walker by another person.
• Hand-held mobility device -  Canes, crutches, and anterior and posterior walkers that do not 
support the trunk during walking.
• Physical assistance -  Another person manually assists the child/youth to move.
• Powered mobility -  The child/youth actively controls the joystick or electrical switch that enables 
independent mobility. The mobility base may be a wheelchair, scooter or other type of powered 
mobility device.
• Self-propels manual wheelchair -  The child/youth actively uses arms and hands or feet to propel 
the wheels and move.
• Transported -  A person manually pushes a mobility device (e.g., wheelchair, stroller, or pram) to 
move the child/youth from one place to another.
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Walks -  Unless otherwise specified indicates no physical assistance fi*om another person or any 
use of a hand-held mobility device. An orthosis (i.e., brace or splint) may be worn.
Wheeled mobility -  Refers to any type of device with wheels that enables movement (e.g., stroller, 
manual wheelchair, or powered wheelchair).
GENERAL HEADINGS FOR EACH LEVEL 
LEVEL I - Walks without Limitations 
LEVEL II - Walks with Limitations 
LEVEL III - Walks Using a Hand-Held Mobility Device 
LEVEL IV - Self-Mobility with Limitations; May Use Powered Mobility 
LEVEL V - Transported in a Manual Wheelchair
DISTINCTIONS BETWEEN LEVELS 
Distinctions Between Levels I and II - Compared with children and youth in Level I, children 
and youth in Level II have limitations walking long distances and balancing; may need a hand-held 
mobility device when first learning to walk; may use wheeled mobility when traveling long 
distances outdoors and in the community; require the use of a railing to walk up and down stairs; 
and are not as capable of running and jumping.
Distinctions Between Levels II and III - Children and youth in Level II are capable of walking 
without a hand-held mobility device after age 4 (although they may choose to use one at times). 
Children and youth in Level III need a hand-held mobility device to walk indoors and use wheeled 
mobility outdoors and in the community.
Distinctions Between Levels III and IV - Children and youth in Level III sit on their own or 
require at most limited external support to sit, are more independent in standing transfers, and walk 
with a hand-held mobility device. Children and youth in Level IV function in sitting (usually 
supported) but self-mobility is limited. Children and youth in Level IV are more likely to be 
transported in a manual wheelchair or use powered mobility.
Distinctions Between Levels IV and V - Children and youth in Level V have severe limitations in 
head and trunk control and require extensive assisted technology and physical assistance. Self­
mobility is achieved only if the child/youth can learn how to operate a powered wheelchair.
BEFORE 2ND BIRTHDAY
LEVEL I: Infants move in and out of sitting and floor sit with both hands free to manipulate 
objects. Infants crawl on hands and knees, pull to stand and take steps holding on to furniture. 
Infants walk between 18 months and 2 years of age without the need for any assistive mobility 
device.
LEVEL II: Infants maintain floor sitting but may need to use their hands for support to maintain 
balance. Infants creep on their stomach or crawl on hands and knees. Infants may pull to stand and 
take steps holding on to furniture.
LEVEL III: Infants maintain floor sitting when the low back is supported. Infants roll and creep 
forward on their stomachs.
LEVEL IV: Infants have head control but trunk support is required for floor sitting. Infants can 
roll to supine and may roll to prone.
LEVEL V: Physical impairments limit voluntary control of movement. Infants are unable to 
maintain antigravity head and trunk postures in prone and sitting. Infants require adult assistance to 
roll.
BETWEEN 2ND AND 4TH BIRTHDAY 
LEVEL I: Children floor sit with both hands free to manipulate objects. Movements in and out of 
floor sitting and standing are performed without adult assistance. Children walk as the preferred 
method of mobility without the need for any assistive mobility device.
LEVEL II: Children floor sit but may have difficulty with balance when both hands are free to 
manipulate objects. Movements in and out of sitting are performed without adult assistance. 
Children pull to stand on a stable surface. Children crawl on hands and knees with a reciprocal 
pattern, cruise holding onto furniture and walk using an assistive mobility device as preferred 
methods of mobility.
LEVEL III: Children maintain floor sitting often by "W-sitting" (sitting between flexed and 
internally rotated hips and knees) and may require adult assistance to assume sitting. Children
228
M.Al-Amri_____________________________________________________________________________________________ Appendices
creep on their stomach or crawl on hands and knees (often without reciprocal leg movements) as 
their primary methods of self-mobility. Children may pull to stand on a stable surface and cruise 
short distances. Children may walk short distances indoors using a hand-held mobility device 
(walker) and adult assistance for steering and turning.
LEVEL IV: Children floor sit when placed, but are unable to maintain alignment and balance 
without use of their hands for support. Children frequently require adaptive equipment for sitting 
and standing. Self-mobility for short distances (within a room) is achieved through rolling, 
creeping on stomach, or crawling on hands and knees without reciprocal leg movement.
LEVEL V: Physical impairments restrict voluntary control of movement and the ability to 
maintain antigravity head and trunk postures. All areas of motor function are limited. Functional 
limitations in sitting and standing are not fully compensated for through the use of adaptive 
equipment and assistive technology. At Level V, children have no means of independent 
movement and are transported. Some children achieve self-mobility using a powered wheelchair 
with extensive adaptations.
BETWEEN 4TH AND 6TH BIRTHDAY
LEVEL I: Children get into and out of, and sit in, a chair without the need for hand support. 
Children move from the floor and from chair sitting to standing without the need for objects for 
support. Children walk indoors and outdoors, and climb stairs. Emerging ability to run and jump. 
LEVEL II: Children sit in a chair with both hands free to manipulate objects. Children move from 
the floor to standing and from chair sitting to standing but often require a stable surface to push or 
pull up on with their arms. Children walk without the need for a handheld mobility device indoors 
and for short distances on level surfaces outdoors. Children climb stairs holding onto a railing but 
are unable to run or jump.
LEVEL III: Children sit on a regular chair but may require pelvic or trunk support to maximize 
hand function. Children move in and out of chair sitting using a stable surface to push on or pull up 
with their arms. Children walk with a hand-held mobility device on level surfaces and climb stairs 
with assistance from an adult. Children frequently are transported when traveling for long 
distances or outdoors on uneven terrain.
LEVEL IV: Children sit on a chair but need adaptive seating for trunk control and to maximize 
hand function. Children move in and out of chair sitting with assistance from an adult or a stable 
surface to push or pull up on with their arms. Children may at best walk short distances with a 
walker and adult supervision but have difficulty turning and maintaining balance on uneven 
surfaces. Children are transported in the community. Children may achieve self-mobility using a 
powered wheelchair.
LEVEL V: Physical impairments restrict voluntary control of movement and the ability to 
maintain antigravity head and trunk postures. All areas of motor function are limited. Functional 
limitations in sitting and standing are not fully compensated for through the use of adaptive 
equipment and assistive technology. At Level V, children have no means of independent 
movement and are transported. Some children achieve self-mobility using a powered wheelchair 
with extensive adaptations.
BETWEEN 6TH AND 12TH BIRTHDAY 
Level I: Children walk at home, school, outdoors, and in the community. Children are able to walk 
up and down curbs without physical assistance and stairs without the use of a railing. Children 
perform gross motor skills such as running and jumping but speed, balance, and coordination are 
limited. Children may participate in physical activities and sports depending on personal choices 
and environmental factors.
Level II: Children walk in most settings. Children may experience difficulty walking long 
distances and balancing on uneven terrain, inclines, in crowded areas, confined spaces or when 
carrying objects. Children walk up and down stairs holding onto a railing or with physical 
assistance if there is no railing. Outdoors and in the community, children may walk with physical 
assistance, a hand-held mobility device, or use wheeled mobility when traveling long distances. 
Children have at best only minimal ability to perform gross motor skills such as running and 
jumping. Limitations in performance of gross motor skills may necessitate adaptations to enable 
participation in physical activities and sports.
Level III: Children walk using a hand-held mobility device in most indoor settings. When seated, 
children may require a seat belt for pelvic alignment and balance. Sit-to-stand and floor-to-stand
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transfers require physical assistance of a person or support surface. When traveling long distances, 
children use some form of wheeled mobility. Children may walk up and down stairs holding onto a 
railing with supervision or physical assistance. Limitations in walking may necessitate adaptations 
to enable participation in physical activities and sports including self-propelling a manual 
wheelchair or powered mobility.
Level IV: Children use methods of mobility that require physical assistance or powered mobility 
in most settings. Children require adaptive seating for trunk and pelvic control and physical 
assistance for most transfers. At home, children use floor mobility (roll, creep, or crawl), walk 
short distances with physical assistance, or use powered mobility. When positioned, children may 
use a body support walker at home or school. At school, outdoors, and in the community, children 
are transported in a manual wheelchair or use powered mobility. Limitations in mobility 
necessitate adaptations to enable participation in physical activities and sports, including physical 
assistance and/or powered mobility.
Level V: Children are transported in a manual wheelchair in all settings. Children are limited in 
their ability to maintain antigravity head and trunk postures and control arm and leg movements. 
Assistive technology is used to improve head alignment, seating, standing, and and/or mobility but 
limitations are not fully compensated by equipment. Transfers require complete physical assistance 
of an adult. At home, children may move short distances on the floor or may be carried by an adult. 
Children may achieve self mobility using powered mobility with extensive adaptations for seating 
and control access. Limitations in mobility necessitate adaptations to enable participation in 
physical activities and sports including physical assistance and using powered mobility.
BETWEEN 12TH AND 18TH BIRTHDAY 
Level I: Youth walk at home, school, outdoors, and in the community. Youth are able to walk up 
and down curbs without physical assistance and stairs without the use of a railing. Youth perform 
gross motor skills such as running and jumping but speed, balance, and coordination are limited. 
Youth may participate in physical activities and sports depending on personal choices and 
environmental factors.
Level II: Youth walk in most settings. Environmental factors (such as uneven terrain, inclines, 
long distances, time demands, weather, and peer acceptability) and personal preference influence 
mobility choices. At school or work, youth may walk using a handheld mobility device for safety. 
Outdoors and in the community, youth may use wheeled mobility when traveling long distances. 
Youth walk up and down stairs holding a railing or with physical assistance if there is no railing. 
Limitations in performance of gross motor skills may necessitate adaptations to enable 
participation in physical activities and sports.
Level III: Youth are capable of walking using a hand-held mobility device. Compared to 
individuals in other levels, youth in Level III demonstrate more variability in methods of mobility 
depending on physical ability and environmental and personal factors. When seated, youth may 
require a seat belt for pelvic alignment and balance. Sit-to-stand and floor-to-stand transfers 
require physical assistance from a person or support surface. At school, youth may self-propel a 
manual wheelchair or use powered mobility. Outdoors and in the community, youth are 
transported in a wheelchair or use powered mobility. Youth may walk up and down stairs holding 
onto a railing with supervision or physical assistance. Limitations in walking may necessitate 
adaptations to enable participation in physical activities and sports including self-propelling a 
manual wheelchair or powered mobility.
Level IV: Youth use wheeled mobility in most settings. Youth require adaptive seating for pelvic 
and trunk control. Physical assistance from 1 or 2 persons is required for transfers. Youth may 
support weight with their legs to assist with standing transfers. Indoors, youth may walk short 
distances with physical assistance, use wheeled mobility, or, when positioned, use a body support 
walker. Youth are physically capable of operating a powered wheelchair. When a powered 
wheelchair is not feasible or available, youth are transported in a manual wheelchair. Limitations 
in mobility necessitate adaptations to enable participation in physical activities and sports, 
including physical assistance and/or powered mobility.
Level V: Youth are transported in a manual wheelchair in all settings. Youth are limited in their 
ability to maintain antigravity head and trunk postures and control arm and leg movements. 
Assistive technology is used to improve head alignment, seating, standing, and mobility but 
limitations are not fully compensated by equipment. Physical assistance from I or 2 persons or a 
mechanical lift is required for transfers. Youth may achieve self-mobility using powered mobility 
with extensive adaptations for seating and control access. Limitations in mobility necessitate
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adaptations to enable participation in physical activities and sports including physical assistance 
and using powered mobility.
This work has been supported in part by the Easter Seal Research Institute and the National Health Research and Development 
Program.
Distribution o f the Gross Motor Function Classification System for Cerebral Palsy has been made possible by a grant from the United 
Cerebral Palsy Research and Educational Foundation, USA.
Want to know more? Contact:
Institute for Applied Health Sciences, McMaster University 
1400 Main Street West, Rm. 408, Hamilton, ON, Canada L8S1C7 
Tel: 905-525-9140 Ext. 27850 Fax: 905-522-6095 
E-mail: canchild@mcmaster.ca 
Website: mvw.fhs. mcmaster. ca/canchild
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Appendix B: Quotations for VR Systems
The following Table shows the main three quotations received from two companies specialised in VR. The 
author made a phone call to get quotation (A) that consisted of available commercial VR technologies in 
that time (December 2008). As the total cost was more than £10,000 it was decided to consider a system 
based on low-cost technologies as described in chapter five. Quotation B2 was based on active stero 
projection system.
Note: all these quotations do not include 3D screen, computer, and a VR software package
Product Price
Quotation A : This quotation was revised over the phone from Inition Ltd on December 2008:
Duality stereoscopic 3D projection system including
• Dual projectors, based on LCD, 4200 ANSI Lumens, 1300:1 contrast ratio, SXGA+ resolution
• Glass laminate, high light throughput, low colour shift, linear polarising filters
• Custom Filter mounts
• Multi axis adjustable mounting rig
• 5 pairs deluxe, 100 pairs standard black frame glasses included.
^ '4073
System PC includes:
• Dual channel playback server for stereoscopic video
• 24" Monitor
• Inition's 3DVidBoxHD Player - stereoscopic playback software
• surround sound
Cyberglove 11 (left or right hand]
Inition Services - Setup/Installation (per day]
Total Cost £27,125
VR SYSTEM BASED ON THE LOW COST VR SYSTEM
Quotation B1 : this quotation was received from Inition Ltd on 19th December 2008:
Duality X2 (based on NP400 or CP-X301 projectors] includes:
• Multi axis adjustable mounting rig
• High transmission, low colour shift, glass laminate linear polarising filters
• LCD XGA native resolution
• 100 pairs standard black frame glasses and 5 pairs deluxe glasses
• Lifetime email/telephone technical support
:63,430
Inition Services - Setup/Installation (per day] ;6730
Total Cost £4.200
Quotation B 2: this quotation was received from Virtalis Limited on 5th January 2009:
HD Single chip DLP Active stereo projector (1280 X 720 res] includes: 
• 10 Active LCD shutter g
€5,500
Total Cost £5.500
The following four pages show the fact sheets about CAREN and V-Gait systems as received from 
MOTEK Medical bv. The main quotation is outlined in chapter five.
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M  O V  É  K
M E D I C R L
quote request
To request a quote  fo r a 
MOTEK M edica l solution  
configured to  your needs, 
please com plete the  w eb form  
at our site:
w/f.v motekmedical.com/cf html
the company
MOTEK M edica l - founded in 
1998 in th e  Netherlands - 
offers revolutionary technology  
for the  healthcare sector. By 
m eans o f unique software, 
M OTEK M edica l integrates  
both existing and new  
technologies in to research and 
m edical solutions for a.o. 
orthopedic, neurological and 
rehab ilitation use.
our clients
O ur clients are hospitals, 
m edical centers, research
facilities and universities.
some references
•  Brooke Arm y M edica l C enter 
Texas, USA
• M ilita ry  R ehabilitation Center 
D o o m ,T h e  Netherlands
• SHEBA M edical Center 
Tel Aviv, Israel
•  John M oores University  
Liverpool, UK
• M cG ill University  
M o n trea l, Canada
MOTEK M ed ica l BV 
K eienbergw eg77  
1101 GE A m sterdam  
The Netherlands
T +31 (0 ) 20 301 3020  
F +31 (0) 20 301 3021
E info<S)motekmedical com  
I w w w .m otekm edical.com
CAREN system
medical and research system for human balance and locomotion
The CAREN system consists o f a 6 degrees o f freedom  (6  OOF) m otion base w ith  force | 
plates o r instrum ented (dual belt) treadm ill on top , a rea l-tim e m otion  capture system  
and a visual projection system w ith  surround sound.
These com ponents are in tegrated in to  a CAREN system by m eans o f CAREN* softw are.
benefits: CAREN system
applications: CAREN system
applications in clinical analysis
Assessment and identification of 
balance com pensation anom alies and 
rela ted  postural stability problem s
M easuring and correcting gait problems  
arising from  ineffic ien t muscle usage
Early identification o f degenerative  
m uscular conditions and dysfunctions
Identifying neural substrates o f task 
difficulty and cognitive e ffo rt
Identifying and training muscle control in 
hem i paresis,TBI and neglect patients
Early detection o f muscular dystrophies
applications in reh ab ilita tio n
Im proving w ell tim ed  protective  
extension, reaction to  perturbations
Training of m uscle coordination and  
strength w ith  am putees and jo in t 
rep lacem ents
Rehabilitation and 
osteoarthritis  patients
The CAREN system is a versatile, m ulti sensory system fo r clinical analysis, 
rehab ilitation , evaluation and registration o f the  hum an balance system.
The use o f virtual reality  (VR) enables researchers to  assess th e  subject's behavior and 
includes sensory inputs like visual, auditory, vestibular and tactile . Sensory inputs can 
be isolated or com bined.
The rea l-tim e feedback system registers and reacts faster than  hum an perception and  
faster than any o th er system.
The protocols and programs th a t are developed from  this setup are leading the  
creation o f groundbreaking rehab ilitation techniques.
The system is tru ly  multidisciplinary and enables collaborative works vxith 
rehabilitation experts, orthopedics, occupational therapists, physiotherapists, 
neurologists, pediatrics, m ental health  and research.
The CAREN system is one o f a kind in its developm ent. Through a flexible too lset, one  
can create  a variety  of v irtual environm ents. (Custom ) program s can than  be  
developed and used fo r research and rehab ilitation.
training o f I
Neurological rehab ilitation o f spinal cord 
injuries and diseases, paresis, TBI and  
neglect
Prosthetics fitting  and a lignm ent
Training muscle im balance in athletes  
w ith  recurrent injuries
C\x!W. 21 OS.200S. version OÎ
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M  O T E  K
__________ M E D I C R L
I compatible
MOTEK M edical offers CAREN* 
software making it possible to  
configure and integrate various 
devices to  client specific needs.
easy to use
The CAREN* software graphical 
user interface allows operation  
and application developm ent 
w ith  lim ited technical skills.
customized
MOTEK M edical offers several 
different m otion capture  
m ethods: optical, m agnetic, 
inertial and customized video 
based m otion capture systems.
MOTEK Medical products
Based on CAREN* software
CAREN system  
6 OOF m otion base w ith  3 0  
rea l-tim e interactive system 
allowing enhanced research 
and rehabilitation for  
balance, locom otion, etc.
V -G ait system  
Interactive instrum ented  
treadm ill for gait research 
and rehabilitation.
H um an Body M o d e l 
Real-tim e software m odule  
fo r biomechanical analysis of 
hum an m ovem ent.
M o b ility  cen ter o f th e  fu tu re  
All future techniques for 
improving balance and 
locomotion under one roof, 
w here research and clinical 
use com plem ent each other.
MOTEK M ed ica l BV 
Keienbergw eg77  
1101 GE Am sterdam  
The Netherlands
T +31 (0) 20 301 3020  
F + 3 1 (0 )2 0  301 3021
E in fo(Sm otekm edical com  
I ww w .m otekm edical.com
product: CAREN system
The CAREN system consists of;
- 6 degrees o f freedom  (6 OOF) m otion base
- integrated force plates or instrum ented (dual b e lt) treadm ill
- rea l-tim e m otion  capture system
- visual projection system w ith  surround sound
- unique CAREN* software suite
The CAREN system unique aspects provide new  and enhanced possibilities for clinical 
analysis, rehabilitation and research, it  also provides a very accurate toolset fo r  
defining standardized protocols.
The CAREN system is a 3 0  rea l-tim e system and software too l suite allowing m edical 
experts to  view  and analyze balance, locom otion, and coordination strategy in 
interactive, controlled environm ents. A unique advantage o f the CAREN* software is in 
enabling m easureab e and quantifiable evaluation, rehabilitation and research, leading  
to  constant m onitored progression.
configurations: CAREN system
CAREN system base
- hydraulic 6  OOF m otion base w ith  700  kg payload  
- 2 m  diam eter platform  top  w ith  in tegrated force plates
- S cam era rea l-tim e  m otion capture system
-  large flat-screen projection system w ith  fron t or rear projection
-  surround sound system
- CAREN* control softw are suite
- spatial requirement: 5x5x4 m
CAREN system extended
- electric 6 OOF m otion base w ith  1000  kg payload
- 3 m  d iam eter p latform  to p  w ith  instrum ented dual belt treadm ill
- 12 cam era rea l-tim e m otion capture system
- 120 -  ISO degree cylindrical screen projection system  
* surround sound system
- CAREN* control software suite
- spatial requirement: 7x7x5 trt
CAREN system high-end
-  electric 6 OOF m otion base w ith  1000 kg payload
- 3 m  diam eter p latform  top  w ith  instrum ented dual belt treadm ill
- spherical dom e projection using th e  m ost advanced digital projection available
- 24 cam era rea l-tim e m otion capture system
- surround sound system
- CAREN* FULL control softw are suite
- spatial requirement: lOxlOxS m
O ptional com ponents
All configurations can be extended w ith  a variety  o f optional com ponents, e.g. EM G, 
video capture, data gloves, energy consum ption systems, H M D , etc.
O ptional softw are
Hum an Body M od el (H 8 M ) for the real-tim e visualization and m easurem ent of muscle 
forces and jo in t torques.
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M  O
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quote request
To request a quote  fo r a 
MOTEK M edical solution 
configured to  your needs, 
please com plete the  w eb  form  
at our site:
WWW fno teV m edkal cofHii'cf h tm i
the company
MOTEK M edical - founded in 
1993 in the  Netherlands -  
offers revolutionary technology  
fo r the healthcare sector. By 
means of unique software, 
MOTEK M edica l integrates  
both existing and new  
technologies in to research and 
m edical solutions fo r a.o. 
orthopedic, neuroogical and 
rehabilitation use.
our clients
Our clients are hospitals, 
medical centers, research
facilities and universities.
some references
• Brooke Arm y M edical Center 
Texas, USA
• M ilita ry  Rehabilitation Center 
D oom , The Netherlands
• SHEBA M edical Center 
Tel Aviv, Israel
• John M oores University  
Liverpool, UK
• M cGill University  
M ontrea l,C anada
MOTEK M ed ica l BV 
Keienbergw eg77  
1101 GE Am sterdam  
The Netherlands
T *3 1  (0 ) 20 301 3020  
F +31 (0) 20  301 3021
E in fo ^ m o tekm ed ica l com  
I WWW m otekm edkrai com
V-Gait system
interactive instrumented treadmlii
MOTEK M edical's V-Gait System is a tool for clinical analysis, rehab ilitation and 
research. The V-G ait system combines a self paced instrum ented treadm ill - capable of 
comprehensive ground reaction force m easurem ents - w ith  a rea l-tim e m otion  capture  
system and a 3 0  virtual environm ent. These com ponents are in tegrated in to  a V-Gait 
system by m eans of specialized CAREN* software.
benefits: V-Gait system
The V-Gait system can reconstruct and repeat situations for objective clinical analysis 
and targeted training.
The V-Gait system enables to  train  dual tasking in virtual environm ents, triggering  
subjects to  seek th e ir  lim its and sim ulating real life situations.
The V-Gait system is m ore than a gait lab: it combines postural and gait clinical analysis 
w ith  a povrerful rehab ilitation tool.
The V-Gait system is a rea l-tim e s-ystem, accelerating evaluation and training drastically 
in comparison to  the  trad itional post processing m ethods.
The V-Gait system m akes muscle forces visible during balance and gait, this direct 
feedback enables the subject to  actually see w h at he's doing and should do .
applications: V-Gait system
The m ost com m on application areas of the  V-G ait system are research, clinical analysts 
and rehab ilitation  of:
- gait com plexity
- knee problems
- low er back injury
- stability problem  s
- am putees
- neurological injuries
- fatigue analysis in sport
clinical analysis
Due to  the  repeatable situations and real-tim e feedback o f m otion and hum an loads, 
the V-G ait system provides a pow erfu l too l fo r fast and objective clinical analysis.
reh ab ilita tion
The tw o  independent controlled belts on a 3 OOF surface in com bination with direct 
feedback and a virtual environm ent enables new  ways of rehabilitation e.g. fo r training  
o f dual tasking.
research
The com bination o f repeatable controlled conditions, 3D ground m easurem ents and 
rea l-tim e m otion capture form  a pow erfu l research instrum ent fo r gait and balance.
G'.sfM. 21 08 2008. version OS
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M  S '’Æ - K
M C D IC R L
compatible
M OTEK M e d ic a l offers CAREN» 
softw are m aking it possible to  
configure and in teg ra te  various 
devices to  c lient specific needs.
easy to use
The CAREN® softw are  graphical 
user in terface allows operation  
and application developm ent 
w ith  lim ited  technical skills.
customized
M OTEK M ed ica l offers several 
d ifferen t m otio n  capture  
m ethods; optical, m agnetic, 
inertia l and custom ized video  
based m otio n  cap ture  systems.
MOTEK Medical products
Based on CAREN» softw are
CAREN system  
6  DOF m otio n  base w ith  3 0  
rea l-tim e in teractive system  
allowing enhanced research  
and rehab ilitation  fo r  
balance, locom otion , etc.
V -G a it system  
In teractive  instrum ented  
treadm ill fo r gait research  
and reh ab ilitation .
H um an Body M o d e l 
R eal-tim e softw are m odule  
fo r biom echanical analysis o f  
hum an m ovem ent.
M o b ility  cen ter o f th e  fu tu re  
All fu tu re  techniques for 
im proving balance and 
locom otion under one roof, 
w here  research and clinical 
use com plem ent each o th er.
M OTEK M ed ica l BV 
K eienbergw eg77  
1101 GE Am sterdam  
The N etherlands
T +31 (0 ) 20 301 3020  
F + 3 1 (0 )2 0  301 3021
E infotSjm otekm edical com  
I w w w .m otekm ed ical.com
product: V-Gait system
The CAREN* V -G ait softw are o f MOTEK M edical in tegrates a set o f tools fo r evaluation, 
assessment, m easurem ent and rehab ilita tion . As w e ll as scientific research.
The in tegration o f a self-paced instrum ented  treadm ill and a rea l-tim e  m otion  cap ture  
system in a vwtual env ironm ent, enables th e  3D m easurem ent o f ground reaction  
forces com bined w ith  hum an m otion  registration in a controlled env ironm ent. 
CAREN* so ftw are  processes these  data  in to  applicable results.
The V -G ait system  com bines:
-  dual b e lt in strum ented  treadm ill
-  up to  3 DOF active perturbations
- rea l-tim e  m otio n  cap ture  system
- audiovisual system
- U nique CAREN* V -G a it softw are  suite
N ext to  th e  standard com ponents and softvrare o ffe red  by MOTEK M ed ica l, th e  V -G ait 
system offers full in tegration w ith  m an y m otio n  capture  systems and o th er  
com plim entary  equ ipm en t.
Standard spatial req u ire m en t fo r a V -G a it system ; 4x4x3 .5  m
configurations: V-Gait system
Basic V -G a it system
The basic V -G ait system  consists o f  th e  fo llow ing com ponents:
- dual be lt tread m ill
- 3D ground force m easurem ent fo r  each fo o t separately during stance and  
locom otion
- R eal-tim e m otio n  cap ture  system
- fla t screen visual p ro jection system
- surround sound system
- CAREN* V -G ait so ftw are  package
O p tio n a l com ponents
The basic V -G ait system  can be extend ed  w ith  the  fo llow ing features:
- fast pitch o f +10  to  -1 0  degrees (variab le  incline in walking d irection )
- fast yaw  ro ta tion  o f +10  t o -1 0  degrees (around th e  vertica l axis)
- fast sway o f +5 to  - 5 cm  (sideways pertu rba tion )
- 180* cylindrical visual pro jection system
O p tio n a l so ftw are
H um an Body M o d el (H B M ) fo r the  rea l-tim e  visualization and m easurem ent o f m uscle  
forces and jo in t torques.
C om plim enta ry  e q u ip m en t
For possible extra wishes, please contact our MOTEK M ed ica l staff.
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Appendix C: Using Google SktechUp to Design a Room
1. To use the programme, select Start from the menu bar, from Start, A ll Programs, Google SketchUP 8.00, and 
then SketchUP. This should give a screen like the following one
Welcome to SketchUp
^SketchUp
Interested in SketchUp Pro 8?
Default Template: Simple Tanplate -
&TnmMe
usmmm
▼ Template
Template Selectiorc
Simple Template • Feet and Inches
UrAs: Inches
This is a genetal-use modeSr^ template with basic stykig and smple cdws.
_______I Simple Template - Meter*
i  Ur*s: Meters1 TNs is a  general-use modeling template with b a ^  stj*ig and simple colors.
IsimpteTanpl^ .^m^al Design - Feet and Inches
; Units; Inches
1 This template is for «chitectural and hteriof desiga
I Aichitecturd Design • Millimeters
^  Units: MSmet«s 
* . _  I This lenplate is for * c H ted is^  and interior ctesign.
3  Always show on s t« tu p Start using SkrtchUp
2. Select the prefer Template and then press Start using SketchUp. This should give the follow ing screen.
# C  K «
O / O / O  i •  S f
atar out as it will not be used in this 3D model
3. From Toolbar, create a solid floor by selecting the highlighted icon in the follow ing image
m w#/
Create a solid floor
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4. Draw the floor as shown in the follow ing image
» / I
» ^
8 /®r
*4.
<»'?
%5Pft ^*.» *
ir 0 % "O' #  C  i< «0 /0 /  O 4 * # f /*>4
f .  #  0 - '#  C  K «
S, m i l , 0 / 0
5. By using Push/Pull tool that is highlighted in the following image adjust thickness o f  the floor. As well as
select the materials icon from the tool bars in order to change the floor material.___________
in / u % r
A-i.ai>
f  FMÂ-O'?
<k^
'"4
Ï '
m i
- w
: : : : i'i 1
mammmm
’ 1
6. Click on draw a box icon, then click on the origin to draw a box on the floor as can be seen in the follow ing  
image. Then using Push/Pull icon to change the size o f  the box and select the materials icon as described in 
the previous step in order to change the materials o f  the box.
/Q «r ts A J f O i f 5-i «• 1^ 0 «c i<«
I:
ZAÔ
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1 . Then select a rectangular icon from the toolbar in order to make a window on a wall o f  the box. From 
materials icon, select transparent material for the window. As well as to open a circular one on the roof.
* O
a /©r;V®
?ii
f F!44
=î,h!
ft
I
#  C  I< «0 /0 /0  4 * /:<
Rectangular icon I
iah8a«attiBaaieafl&afaihiàBMdira l
■■■
8 .  As described in the previous step but this time to create a door for the room as can be seen in the following  
image. _______________________________
» /\ 
Vc-f ®j 
K i.  O'S
JBf*-«?f=
4 4•9'îl
S s*
>r  ^i  JSÛJF */34.4 5? J K 1 "5 f 3W  ^ (B i' W W # & # «k *    — —
i  Ç if «0/0/0 4 • XX.----------
9. Following the previous steps, the material o f  the floor o f  the room and walls inside and outside can be 
changed. The other way o f  changing the wall material is based on using G oogle map in order to use a real 
image to texture walls o f  the room. To do so, select the wall and press right click on the mouse to see a list as 
the one appear on the follow ing image. From that list select add photo texture option which enables the 
navigation in Google map
  >*«bSS w.^aXJt *C K
■r.. f 'A  ■''*
Texture option /  4  ,dd Photo
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Address
Google maR
Grab the image to 
texture it as shown 
in the following
iC *34.4 iîi.. *1.S «»f a a a ^
« i,HQ^  *34.4 mii &i$ *c k «* a ■# »  (t -ÎI r  r  la a  a i  a ^  a wi, _ o x o / o  i a  a<?xx
: *1
! # #  
wS''-
44|
44#
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Appendix D: Import 3D Room using Vizard
1. To export the model from Google SketchUP in a right format that can be used ion Vizard, as can be seen in 
 the follow ing image from the main menu choose file, export, and then select 3D Model.____________________
J U J " Ë d it  View Camera Draw Tools Window Help
Ctrl+N
Open... Ctrl-FO
Save Ctrl-FS
Save As...
Save A Copy As.,.
Save As Template...
Revert
Send to LayOut (Pro Only)
Preview in Google Earth
Geo-location k
Building Maker k
3D Warehouse »
Import...
u
Print Setup...
Print Preview... 1
Print... Ctrl-FP
Generate Report... (Pro Only)
Recent File
Exit
20 Graphic.,
Get Pro 3D Exporters.
Animation.,.
2. Select COLLADA from export file as highlighted in the follow ing image.
File Edit View Camera Draw Tools Window H elp
Q ,
5  All-100912
Presentation ICDVRAT
E x p o r t  M o d e l
My Recent
Documents
Desktop
My Documents
My Computer
My Network 
Places
File name
Export type:
3  ^ IS Ef ü ’Removable Disk (G
Saved folder
Se ect C o llad a
g iln tlH ed ' Open
COLLADA File r.dae) Cancel
Options..
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3. In the saved folder, two files should appear as can be seen in the following image. The first is the 3D  model 
(name.dae) and the other has the texture materials
3DRoom-SVRS
File Edit View Favorites Tools Help
Back "  Search Folders S "| Folder Sync
W dress Q  G:\3DRoom-SVR5
30Room-5VRS
DAE File 
12.230 KB
File a n d  F o ld e r T a s k s 3D Model
exture File
^  Make a  new folder
^  Publish this folder to  the V\'eb
^  Share this folder
4. To import the 3D model to Vizard VR toolkit, from the main menue o f  Vizard choose new Vizard File under 
the file menue as can be seen in the follow ing image, which will then lead to ask for the file should be empty 
o f  Vizard file which means a file has the main class o f  Vizard. Vizard File creates a new script that looks like 
this;
import viz “ ” ’’this line is necessary as it is used to gain access to the entire Vizard library 
viz.20() ” ” ’’This line, "go" is used to start an empty world” ’” ’
V iz a rd  - D e v e lo p m e n t E d itio n
File 1 Edit View 3D Tools Help
1 New Vizard File Ctrl+N \
New Text Fie
 ^ Open... Ctrl+0
Import Publish Settings.,.
ecent F i r
Exit
#  c) B  ^ ^  L le  p  ^ v k z a r d
Vizard ScriptP
ew window with script
* % vy /a rd .% k & rc ^
4ew Vizard File
Empty Fie 
Vizard File
I Timer EventScript I Stage | GUI | World -I >
properties ? x
0.01
r  Keyboard Eve 
■ Display Modes
r  FiÉscr 
r  Ster
input/output
Crftaba a noiAi rfrm imonh
5. To add 3D model it is important to make sure Vizard file is saved in the same folder o f  the 3D  model. Then 
adding code should be added to the main script after the go statement as shown in the follow ing image. As 
Google Steehup export the 3D model in Inch and Vizard uses meter, it is important to convert the size from 
Ineh to Meter as highlighted in the following image. Position o f  the 3D model also should be adjusted in the 
virtual world by using a eode as the one can be seen in the following image.
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; V iz a rd  : Room  - D e v e lo p m en t E dition
! Rle Edit Search View 3D M ndow Tools Help
^  ^  t i  f e -  f c  PX Eh G
resou rces XRoom
Script Files u i ^ o r t  V I Z
Stage Files
v i z . g o  [ )Script Functions 3D ModelScript Callbacks
m = v iz . a d d i ’ SDRoorn-SVRS. dae
Convert Size to Meter o o r o .s iz e  ( [ .0 2 5 ]
o o in .s e t P o s i t io n ( 0 ,  -
# % #.'v*zard.
Set the position o f  the 3D Model
Script I Stage j GUI j World Tp 
-  properties A x
input/output 
S c a l in g  im age  
S c a l in g  im age  
S c a l in g  im age  
S c a l in g  im age  
S c a l in g  im age  
S c a l in g  im age  
S c a l in g  image
D M odel in the Virtual World
' G:/3DRoom- 
' G:/3DRoom- 
' G:/3DRoom- 
' G:/3DRoom- 
' G:/3DRoom- 
' G: /3  DRo om-SVRS/3 DRo om-SVRS/ 
' G: /3  DRoom-SVRS/3 DRoom-SVRS/
_ a u t o _ 2 5 o p g '  from  (1 5 0 ,1 5 1 )  t o  (1 2 8 ,1 2 8 )  
a u to  2 8 . j p g '  from  (1 0 0 ,1 0 0 )  t o  (1 2 8 ,1 2 8 )
i r t p l S i
Vizard - Room - Development Edition
Rle Edit Search Wew 30 Window Tools Help
□
? X
—  Script F ies —
—  stage Files — 
Script Functions 
Script Callbacks
Script I Stage | GiJI | World <1 > 
properties ? x
Properties
J EP rc
'jif Room
in^ort v iz
v i z . g o  0
room=viz. add('3 DRoom-SVRS. dae')
room .size ([.025] *3)
room .setP osition (-1 ,-1 ,1 1 .5 )
TïomisetEuler (457o75I>
 ^ _______________
Set the Euler rotation o f  the 3D
#  %  « ÿ . i v f e a r d
k.
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6 .  The following two images show how to add avatars and to change their animation.
i F k  Edit Search Vjew 3D Window Tools Help
resources
  —  Script Files
vcc_male,cfg 
------------  Stage Files
Script Functions 
Script Callbacks
Pixiparaes
Script I Stage | GUI | World 4 1> 
properties ? x
in @ ort v i z  
v i z . g o  0
room *vi z . euid^ ' 3 DRoom-SVRS. d ae ‘ 0  
r o o m .s i z e ( [ .0 2 5 ] * 3 )  ! 
room . s e t P o s i t  io n  ( - 1 , - 1 , 1 1 . 5 )  
r o o m .s e t E u le r ( 4 5 ,0 ,0 )
;a r l  -  v i z . a d d ( ' v c c _ m a le . o 
^ 1 .  s e t P o s i t  io n  ( 0 , 0 , 5 . 5
Add avatar and change his 
position
# #. ! \/yzarri
4 > X
• V iza rd  - Room  ;  D e v e lo p m en t E d itio n
Fle Edit Search Mew
^ W X G
30 Whdow Tools Help
Q
9  X
--------------  Script Files
B- -t' vccjnale.cfg 
g  ;j| Animations 
. g  Meshes
g  \  Bones 
È  vccjemale.cfg 
; S-.'Jj Animations 
S  Meshes 
i S  Bones
--------------  Stage Files
1
Script Functions 
Script Callbacks
Script I Stage | GUI | World
properties '
ProperUes
3 ^ fei
XRoom
in ^ o r t  v i z  
v i z . g o  0
r o o m = v iz . a d d ( ' 3DRoom-SVRS. d a e ') 
r o o m .s i z e ( [ .0 2 5 ]  *3 ) 
r o o m .s e t P o s i t i o n ( - 1 , - 1 , 1 1 .5 )  
r o o m .s e t E u le r ( 4 5 ,0 ,0 )
avatar1 = viz.add('voc_male.cfg ') 
avatarl.setPosition(0,0,5.5) 
avatar1.state(5) 
avatar 1 .setEuler( - 5 0 ,0 ,0 )
avatarZ - viz.add('vcc_female.cfg 
avatarZ.setPosition( - . 5 , 0 , 5 . 5 )  
avatar2. state^S)] 
avatar2.setEuler( 5 0 ,0 ,0 )
Add another avatar and make them
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: V iza rd  - Room  ■ D e v e lo p m en t E d ition
FJe Edit Search View 3D Window Tools Help
t a r n
v y / a r r i
---------------  Script Files —
S  vccjnale.cfg 
j 3  Animations
I a  Meshes
, É  \  Bones
S  ' I '  vccjemale.cfg 
i a-'A ' Animations
I a  Meshes
à  Bones
---------------  S tage Files —
   Script Functions
------------ Script Callbacks
Script I S tage  | GUI ] World 4 >
■ properties '
Properties
in ® o r t  v i z
v i z . g o  ( v i z . f u l l ) ]
foQ Color
r o o m -f iz T a a  |-()KtVhH  
r o o m .s iz e  ( [
r o o m .s e tP o s  pRgg TEXTURE MEM“  
r o o m .s e tE u l FULLSCREEN
get
a v a ta r  1 v  getCurrentEvent 
a v a t a r l . s e t  ggtEventlD 
a v a t a r l . s t a  getEventName
a v a t a r l . s e t isuxe'jrt - cmvpg-iT)—
av a ta rZ  = v i z .  add [ ‘ v c c _ fe !n a le .  c f g ' ) 
a v a t a r 2 . s e t P o s i t i o n ( - . 5 , 0 , 5 . 5 )  
a v a t a r 2 . s t a t e (5) 
a v a t a r 2 . s e t E u l e r ( 5 0 ,0 ,0 )
To run the script in Full Screen mode 
use viz.FLLSCREEN, this w ill then 
show something like the image below
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Appendix E: Ethical Approval for the Study Presented in Chapter 6
This page shows the approval letter from the University Research Ethics Committee. Documents reviewed 
by the committee also attached in attached CD.
UNIVERSITY OF
SURREY
Ethics Committee
Mohammad Al-Amrl
Centre for Biomedicsl Engineering
Duke of Kent Building, level 5
Id January 2011
Bear Mohammad
A Pilot investigation into the Performance o f the Surrey Virtual Reality (SVR) 
System EG2010/Î26/FEPS
On behalf of the Ethics Committee. I am pleased to confirm a favourable ethical opinion for the 
above research on the basis described in the submitted protocol and supporting 
documentation.
Date of confirmation of ethical opinion: 14 Januar^ f 2011,
Tj-ie final list of documents rc/icv/cd by the Committee is as follows:
Document
Sumrnar/of die project
Information sheet for participants
Consentform
Risk assessment
Questionnaires A&B
Screening Questionnaire
Code sheet
Protocol Submission Proforma: Insurance
This opinion is given on the understanding that you vyI! comply with the University’s Ethical 
Guidelines for Teaching and Research. If the project includes distribution of a sun.’oy or 
questionnaire to members of the University community, researchers are asked to include a 
statement advising that the project has been reviewed by the University's Ethics Committee.
The Committee should be notilied of any amendments to the protocol any adverse reactions 
suffered by research participants, and if the study is terminated earlier than expected with 
reasons. Please be advised that the Ethics Committee is able to audit research to ensure that 
researchers are abiding by the University requirements and guidelines.
You are asked to note that a further submission to the Ethics Committee will be required in the 
event that the study is not completed within five years of the above date.
Please inform me when the research has been completed.
Yours sincerely
- â g X S K 3 = = -
Glenn Moulton
Secretary. University Ethics Committee 
Registry
cc: Professor S Williamson. Chairman, Ethics Committee
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Appendix F: Ethical Approval for the Study Presented in Chapter 8
The following is the approval letter from the NRES Committee London Bloomsubery.
m m
Health Research Authority
NRES Committee London - Bloomsbury
REC Offices 
Room 4W /12 ,4th  Floor 
Charing Cross Hospital 
Fulham Palace Road 
London, W6 8RF 
Telephone: 020 3311 0106
09 February 2012 
Mr Mohammad Al-Amri 
Centre for Biomedical Engineering 
Level 5, Duke of Kent Building 
University of Surrey 
GU2 7TE
Dear Mr Al-Amri
Study title: A Pilot Investigation into the Practicality of the Surrey Virtual
Reality System 
REC reference: 12/LO/0030
Thank you for your letter of 01 February 2012, responding to the Committee’s request for 
further information on the aboye research and submitting revised documentation. 
The further information has been considered on behalf of the Committee by the Chair. 
Confirmation of ethical opinion
On behalf of the Committee, I am pleased to confirm a favourable ethical opinion for the above 
research on the basis described in the application form, protocol and supporting documentation as 
revised, subject to the conditions specified below.
Ethical review of research sites 
NHS sites
The favourable opinion applies to all NHS sites taking part in the study, subject to management 
permission being obtained from the NHS/HSC R&D office prior to the start of the study (see 
"Conditions of the favourable opinion" below).
Non-NHS sites
Conditions of the favourable opinion
The favourable opinion is subject to the following conditions being met prior to the start of the 
study.
Management permission or approval must be obtained from each host organisation prior 
to the start of the studv at the site concerned.
Management permission ("R&D approval") should be sought from all NHS organisations 
involved in the study in accordance with NHS research governance arrangements.
Guidance on applying for NHS permission for research is available in the Integrated Research 
Application System or at http://www.rdforum.nhs.uk.
Where a NHS organisation’s role in the study is limited to identifying and referring potential 
participants to research sites ("participant identification centre"), guidance should be sought 
from the R&D office on the information it requires to give permission for this activity.
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For non-NHS sites, site management permission should be obtained in accordance with the 
procedures o f the relevant host organisation.
Sponsors are not required to notify the Committee of approvals from host organisations 
It is the responsibility of the sponsor to ensure that ail the conditions are complied 
with before the start of the study or its initiation at a particular site (as applicable). 
Approved documents
The final list of documents reviewed and approved by the Committee is as follows:
Document Version Date
Evidence of insurance or indemnity 08 July 2011
Interview Schedules/Topic Guides 1 11 December 2011
Investigator CV
Letter from Sponsor 12 December 2011
Letter of invitation to participant 1.0
Other: Code Sheet 1 11 December 2011
Other: Risk Assessment 1 11 December 2011
Other: CV: Dr Daniel Abasolo
Other: CV: Tom Collins
Other: CV : Dr David Ewins
Other: CV : Mrs Sally Durham
Participant Consent Form: Parent/Guardian 1 11 January 2012
Participant Infonnation Sheet: Child 1.1 01 February 2012
Participant Information Sheet: Parent/Guardian 1.1 01 February 2012
Protocol 1 11 December 2011
Questionnaire: A 1 11 December 2011
Questionnaire: Participant Questionnaire B 1.1 01 February 2012
REC application
Response to Request for Further Information 01 February 2012
Statement of compliance
The Committee is constituted in accordance with the Governance Arrangements for Research 
Ethics Committees and complies fully with the Standard Operating Procedures for Research 
Ethics Committees in the UK.
After ethical review 
Reporting requirements
248
M.Al-Amri_____________________________________________________________________________________________ Appendices
The attached document “After ethical review -  guidance for researchers ” gives detailed guidance 
on reporting requirements for studies with a favourable opinion, including:
• Notifying substantial amendments
• Adding new sites and investigators
• Notification of serious breaches of the protocol
• Progress and safety reports
• Notifying the end of the study
The NRES website also provides guidance on these topics, which is updated in the light of 
changes in reporting requirements or procedures.
Feedback
You are invited to give your view of the service that you have received from the National 
Research Ethics Service and the application procedure. If you wish to make your views known 
please use the feedback form available on the website.
Further information is available at National Research Ethics Service website > After 
Review
Review 12/LO/0030__________Please quote this number on all correspondence
With the Committee’s best wishes for the success of this project 
Yours sincerely
PP
Dr Joe Brierley 
Chair
Email: taki.austin@imperial.nhs.uk
Copy to: Mr Glenn Moulton
Nadia Azzouzi, St George's University of London
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St George’s  Research Office
GfOufxJ Fkxx, Hur4«r WkiQ, Si George’s Urwerscty oT LotkI ot , 
Cranmcf Terraco, Tooting, London SV/17 ORB
St George's Healthcare
NHS Trust
02/03/2012 
Dr David Ewins 
Consultant Oinical Scientist 
St George's HealÜKare NHS Trust 
Gait Laboratory 
Queen Mar/s Hospital 
London. SW15 5PN
Direct Line: 
Direct Fax: 
Email:
020 8725 0892 
020 8725 0794
Dear Dr David Ewins
PROJECTTITLE
Protocx)! version 
Protocol date 
REC Reference 
SSA RefereiKe 
JRO Referenœ 
CSP Reference 
Sponsor
Principal Investigator (PI):
A Pilot Inv^tigation Into the Practicality of the 
Surrey Virtual Reality System 
Version 1
11  ^December 2011
12/LO/Û030
n/a
12.0025
n/a
University of Surrey 
Dr David Ewins
Notification of St George's Host site approval
The research approval process for the above named study has been completed successfully. I am 
pleased to issue the approval of St George's Healthcare NHS Trust (SGHT) for the above study to 
proceed.
All research carried out within S6UL and/or SGHT. must be in accordance with the principles set 
out in the Research Governance Framework for Health and Social Care (April 2005, 2nd edition. 
Department of Health (DoH)).
This approval is issued on the basis of the project documentation submitted to date. The approval 
may be invalidated In the event that the terms and conditions of any research contract or 
agreement change significantly and while the new contract/agreement is negotiated.
The conditions for host site approval are as follows:
♦ The PI must ensure compliance wifri protocol and advise the 3 R 0  of any change(s) to the
protocol. Failure of notification may affect host approval status.
• Under the terms of the Research Governance Framework (RGF), the PI is obliged to report
any Serious Adverse Events (SAEs) to tiie Sponsor and the Joint Research Office (JRO), in line
with the study protocol and Sponsor requirements. Adverse Incidents (AEs) must also be 
reported in accordance with the Trust Adverse Incident Reporting Policy & Procedures.
* The PI must ensure appropriate procedures are in place to action urgent safety measures.
;ROOOC018.Host acpfO-W fo r norvCTIK»^v;o_>s*‘OctocxT?oio 
Page Icfi
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•  The PI is responsible for the set up and mainteiancc of the Investigator Site Rle (ISF) 
generated to store all documentation relating to this project.
• The PI must ensure that all named staff are compliant with the Data Rotecb'on Act (DPA) 
1998, Human Tissue Act (HTA) 2005# Mental Capacity Act (MCA) 2005 and all other applicable 
statutory guidance and legislation.
• The PI must be compliant with monitoring and auditing by the Sponsor and the JRO.
• The PI must report any cases of suspected research misconduct and fraud to the JRO..
• The PI mi«t provide an annual report to the JRO for all research Involving NHS patients, Trust 
or SGUL staff and/or resources. The PI must notify the JRO of any presentations of such 
research at sdentlfic or professional meetings, or on the event of papers being published and 
any director Indirect Impacts on patient care.
Failure to comply with the above conditions and regulations will result In the suspension of the
research project.
Please contact the Joint Research Office (JRO) If you require any further guidance or information
on any matter mentioned above. We wish you every success in your research.
Yours sincerely
Dr Lisa Outterbuck
O n  b th w r  o f  s a j i / s o H T
Head of UioOoînl Reseofdi Office (3R0)
Copy to; Mohammed Al-Amrl, Postgraduate Researcher, University o f Suney
JRODOC038_H<s$l S ’.0  apprcval for m n - a iK N  
Pcv;c2of2
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UNIVERSITY OFm SURREY
Ethics Committee
Mohammad Al-Amrl 
Biomédical Engineering 
PEPS
01 March 2012 
Dear Mr Al-Amri
A Pilot Investigation into the Practicality of the.Surrey Virtual Rç alityjystern 
£a2m2/2p/FEPS_EasLImdi
On behalf o f the Ethics Committee, I am pleased to  confirm a favourable ethical 
opinion for the above research on the basis described in the submitted protocol and 
supporting documentation.
Date of confirmation of ethical opinion: 29 February 2012.
The list of documents reviewed and approved by the Committee under its Fast Track 
procedure is as follows:-
Document
IRAS form
Study Protocol
Children's Information sheet
Parent/Guardian Information sheet
Physiotherapist Information sheet
Participant Questionnaire A
Participant Questionnaire B
Study Risk assessment
Wandsworth PCT Risk Assessment
Participants Assent form
Participants Consent form
Parent/Guardian Consent form
Code Sheet
Framework Semi -  Structured Interview Questions
Letter to  parent
GP letter
Zurich Municipal Letter
Confirmation of favourable ethical opinion from NRES Committee London - 
Bloomsbury_________________ ______________________________________
This opinion is given on the understanding that you w ill comply w ith  the University's 
Ethical Guidelines fo r Teaching and Research.
The Committee should be notified of any amendments to the protocol, any adverse 
reactions suffered by research participants, and if the study is terminated earlier than 
expected w ith  reasons. Please be advised that the Ethics Committee is able to audit 
research to  ensure that researchers are abiding by the University requirements and 
guidelines.
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